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Summary 
This thesis describes the development and characterization of a novel NDE method-
the Capacitive Imaging (CI) technique. The CI technique employs a pair of (or 
multiple) electrodes to form a co-planar capacitor, and uses the fringing quasi-static 
electric field established across the electrodes to investigate specimens of interest. In 
general, the CI probe is sensitive to surface and hidden defects in insulating materials, 
and surface features on conducting materials. The CI technique is advantageous for its 
non-contact and non-invasive nature, and the capacitive coupling allows the CI 
technique to work on a wide variety of material properties. 
The theoretical background to the CI technique has been developed. It is shown that in 
the frequency range of operation (10 kHz to 1 MHz), the quasi-static approximation is 
valid and the Maxwell’s Equations describing the general electromagnetic phenomena 
can be simplified. The practical implementation of the CI system is based on this 
analysis, and it is shown that the CI technique has features that can complement 
techniques such as eddy current methods that are already established in NDE. 
The design principles of the CI probes that are required for an optimum imaging 
performance have been determined, by considering the key measures of the 
performance including the depth of penetration, the measurement sensitivity, the 
imaging resolution and the signal to noise ratio (SNR). It has been shown that the 
operation frequency is not an influential factor - the performance of the CI probe is 
determined primarily by the geometry of the probe (e.g. size/shape of the electrodes, 
separation between electrodes, guard electrodes etc.). Symmetric CI probes with 
triangular-shaped electrodes were identified as a good general purpose design. Finite 
Element (FE) models were constructed both in 2D and 3D in COMSOLTM to predict 
the electric field distributions from CI probes. Effects of thickness of specimen, lift-
off distance and relative permittivity value etc were examined using the 2D models. 
The sensitivity distributions of different CI probes were obtained from the 3D models 
and were used to characterize the imaging ability of the given CI probes.  
The fundamental concepts of the CI technique have been experimentally validated in 
a series of scans where the defects were successfully imaged in insulating (Perspex) 
and conducting (e.g. Aluminium, Steel and carbon fibre composite) specimens. The 
detection of corrosion under insulation (CUI) has also been demonstrated. The 
imaging abilities were assessed by investigating various standard specimens under 
different situations. The CI technique was then successfully applied to various 
practical specimens, including glass fibre laminated composites and sandwich 
structures, laminated carbon fibre composites, corroded steel plate and pipe, and 
concrete specimens. Further measurements were also conducted using modified CI 
probes, to demonstrate the wide range of applications of the CI technique. 
Chapter 1 Introduction 
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1.1 Introduction 
Non-destructive Evaluation (NDE), which is also sometimes referred to as Non-
destructive testing (NDT) or Non-destructive Inspection (NDI), has been defined as 
comprising those test methods used to evaluate the properties of a material, 
component or system without causing damage. NDE techniques has found numerous 
industrial applications such as the inspection of pipelines, rails, pressure tanks, aircraft, 
bridges and many other components, where the risks are high and precautions are 
required. The main functions of NDE are [1]: 
• To ensure the system freedom from defects likely to cause failure. 
• To ascertain the dimensions of a component or structure. 
• To determine the physical and structural properties of materials of interest. 
NDE techniques have developed rapidly in recent years. A variety of physical 
principles are used, and there is no single method around which a “black box” may be 
built to satisfy all requirements in all circumstances. Some examples include dye 
penetrant testing, ultrasonic testing, and acoustic emission. Electromagnetic 
techniques cover almost all the frequency spectrum, starting from DC (potential drop 
methods and magnetic leakage detection), through the radio frequency (RF) region 
(eddy current) and microwave region (ground penetrating radar), also covering the 
THz (THz or millimetre-wave imaging) and the infrared region (IR imaging and 
themorgraphy). Ionizng techniques occur at even higher frequencies (X-ray and γ-ray 
radiography). This thesis is primarily concerned with the radio frequency region, as 
the capacitive imaging (CI) technique to be discussed mainly operates at frequencies 
of up to 1 MHz.  
This chapter begins with a brief review of the electrical and magnetic methods of 
NDE that operate in the RF region. This is then followed by a review of various 
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capacitive sensors. The final section gives the objectives of the research and an 
overview of the remaining chapters of this thesis. 
1.2 Electrical and magnetic methods of NDE 
The physical and structural properties of a specimen can be related to the electrical 
and magnetic properties (including electrical conductivity, electrical permittivity and 
magnetic permeability) of the material. By assessing the electrical and magnetic 
property variations, defects within the specimen can be detected. In this section, a 
brief review of these electrical and magnetic methods is presented. 
1.2.1 Eddy current methods 
The eddy current method works on the principles of electromagnetic induction and 
can be applied to electrically conducting and/or magnetically permeable materials. In 
the eddy current technique, a current carrying coil (typically sinusoidal AC) is used to 
excite a time varying magnetic field in the material under test. The time varying 
magnetic field will induce conduction currents (if the material is conducting) and 
magnetization currents (if the material is permeable) in the specimen. According to 
Lenz’s Law, both kinds of currents can generate a secondary magnetic field in the 
opposite direction and contribute to the total magnetic field, as shown in Figure 1.1. 
 
Figure 1.1: The induction of eddy current. 
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The total magnetic field, which contains the effects of the specimen, is then sensed by 
either the excitation coil or a separate sensing coil. If there is a defect, the coil 
impedance will be changed, which can be measured and correlated with the defect.  
As a vector quantity, the impedance change has both amplitude and phase angle. The 
amplitude provides information about the severity of the defect (e.g. the size). For the 
phase angle, as the generation of eddy currents can be considered as a time dependent 
process, meaning that the eddy currents below the surface take a little longer to form 
than those at the surface. This provides information about the defect location or depth 
if comparison is made to a known reference (lift-off). 
The density of the eddy current is non-uniform and decays through the thickness of 
the specimen, due to the skin effect. To characterize the penetration depth, the term 
“standard depth of penetration” is defined as the depth at which the eddy current 
density is 37% of its value at the surface and commonly used in eddy current 
inspections. The standard depth of penetration δ can be calculated from the following 
equation: 
 1
f
δ π μσ= , (1.1) 
where f  is the excitation frequency of the current, μ is the magnetic permeability 
and σ is the electrical conductivity. It can be seen from Equation (1.1) that for a given 
material the depth of penetration is inversely proportional to the square root of the 
frequency. Therefore, high frequencies can be to used to detect very shallow defects 
(cracks, flaws) in a material, and low frequencies can be used to detect sub-surface 
buried defects and to test highly conductive materials [2]. 
In the past few decades, the basic eddy current sensors have evolved into many more 
sophisticated types, such as sensors with planar coils [3], sensors using giant 
magnetoresistive (GMR) magnetometers to detect the secondary magnetic field [4], 
and sensors using pulsed excitation [5]. 
Although widely used in various NDE applications, the limitations of the eddy current 
methods have been recognized [6]. A few key limitations are: 
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• It works only on conducting materials.  
• Penetration thickness for complete volumetric eddy-current inspection is 
limited. 
• Inspection of ferromagnetic materials is difficult if the saturation method is not 
applicable.  
• Operator skill is necessary for meaningful testing and evaluation.  
1.2.2 Potential drop methods 
The basic principle for the potential drop method is the use a pair of electrodes to 
inject a steady current through a conducting specimen, and another pair to measure 
the resultant potential difference across a small distance (a few millimeters) [7]. There 
are two basic types of potential drop methods, namely the DC potential drop (DCPD) 
and AC potential drop (ACPD). Figure 1.2 shows the arrangement for both the DCPD 
and the ACPD measurements. Four electrodes (A, B, C and D) are in contact with the 
conducting specimen. A current I (DC or AC) is passed through the specimen 
between electrode A and B, the potential difference between electrodes C and D, V, is 
measured.  
 
Figure 1.2: Arrangement for potential drop measurements. 
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The ratio V/I contains information on the specimen and can be used to determine wall 
thickness or size and position of cracks [8]. The DCPD methods are usually used to 
measure depth of surface breaking cracks after they have been detected by other 
techniques, by comparing the measured potentials from both a normal area and the 
area surrounding the crack. For ACDP methods, unlike the DCPD where a large 
uniform direct current is throughout the whole volume of the material, the alternating 
current can only be carried near the conducting surface due to the “skin effect”. 
In both DCPD and ACPD methods, intimate contact is needed between the electrodes 
and the specimen to establish good electrical contact, and sometimes the current will 
heat the specimen and cause safety problems. 
1.2.3 Magnetic methods 
For magnetic methods, a magnetic field is applied to the specimen under test and the 
resultant changes of magnetic flux associated with defects in the targeting region are 
observed. A review of the magnetic methods can be found in [9, 10]. Figure 1.3 shows 
how discontinuities of magnetic permeability (e.g. a surface slot) affect the lines of 
induced magnetic flux. 
 
Figure 1.3: Magnetic flux leakage at a slot cut into a magnetized specimen. 
It can be seen from Figure 1.3 that there is magnetic flux leakage normal to the 
surface due to the presence of the slot. North and south magnetic poles will appear on 
the opposite sides of the slot [1]. Flux leakage also takes place at the opposite surface 
with a lower density, but over a wider region.  
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The magnetic field in the specimen can be generated by placing a magnetized yoke in 
contact with the specimen, passing a current through the specimen, or using magnetic 
induction using a coil or a threading bar. The flux leakage associated with possible 
defects can then be detected by magnetic particles, magnetic tape (magnetography) or 
sensing coils and other sensors (e.g. Hall sensors, magnetoresistive sensors or the 
superconducting quantum interface device (SQUID). Magnetic methods are confined 
to ferromagnetic materials and sometimes contact with specimen is required (e.g. 
metal clamps for the current injection). 
1.2.4 Capacitive methods 
Traditional capacitive methods rely on the capacitive coupling between the active 
electrode pairs, and utilize the electric field as the probing field to interrogate 
specimens. Capacitive techniques have not been widely used for NDE, in contrast to 
say eddy current methods. This is partially due to the historic use of conducting 
materials (which are suitable for eddy current inspections) in critical components. 
Secondly, for some capacitive methods, the specimen is often sandwiched between 
two electrodes so that the specimen is exposed to a uniform electric field, which is 
only practical for specimens in a relatively thin plate shape and requires access to both 
sides of the specimen. However, in recent years with the ever increasing use of non-
conducting materials (i.e. polymers and glass fibre composites) in manufacturing and 
the development of co-planar capacitive sensors, the number of NDE applications for 
which the capacitive methods may be appropriate has been expanding.  
Most capacitive sensors have historically been used for measurements that are not 
considered routinely in mainstream NDE. For instance, they are used to characterize 
the property of a specimen, such as its dielectric constant, from the measured 
capacitance. Amongst these sensors, the most extensively studied are planar fringing 
field sensors (also referred to as dielectrometry sensors [11]). They require only single 
side access to the specimen due to the co-planar electrodes and can provide 
measurements of the electrical properties (such as dielectric permittivity and electrical 
conductivity) of the specimen in the proximity of the sensor surface [12-14]. These 
are typically then correlated to other properties of interest [15], such as the cure state 
[16], moisture content [17], temperature [18], coating thickness [19], porosity and 
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thermal conductivity [20], etc. In most of the cases, such a measurement is taken by 
an LCR meter or a basic impedance measurement circuit with a single frequency 
excitation, and the measured capacitance is then correlated to the measured property 
via models [21] or databases [22] generated prior to the measurement. However 
sometimes, the measurement is taken over a range of frequencies and the frequency 
dependent effective permittivity can be determined via an impedance analysis. Inter-
digital fringing field sensors (see Figure 1.4) are the most commonly-seen design, 
because of the increased output capacitance between the electrodes due to the 
spatially periodic structure [23] [24].  
 
Figure 1.4: Diagram of a three-wavelength interdigital sensor with spatial 
periodicities of 2.5 mm, 5.0 mm, and 1.0 mm [25] ( the term wavelength refers to the 
spatial periodicity of the interdigital structure that equals to the distance between 
neighbouring fingers of the same electrode). 
Other types of capacitive sensor have been used for the detection of inhomogeneities. 
For example, capacitive array sensors with differential output have been used to 
precisely define the edges of surface and subsurface slots in dielectrics and surface 
slots in conductors [21], rectangular capacitive sensors are used for the detection of 
water intrusion [26] and voids [27] in composite structures, and concentric capacitive 
sensors are used for the detection of a localized anomaly in a multi-layered structure, 
such as an aircraft radome [28]. In addition, capacitive sensor arrays with multi 
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sensing electrodes (shown in Figure 1.5) have also been used to image buried objects, 
such as landmines and unexploded ordnance (UXO) [29]. 
 
Figure 1.5: Capacitive sensor with single driving and multi sensing electrodes [29]. 
In this thesis, the above methods are extended by using capacitive techniques for a 
wide-ranging investigation into possible NDE applications. 
1.2.5 Other electromagnetic methods 
There are also techniques that operate in the RF region but do not fall into any of the 
categories mentioned in Section 1.2.1 to Section 1.2.4. 
The first one is called the electric potential (displacement current) sensor (EPS) [30], 
which can be used for the inspection of conducting specimens. These sensors have 
ultra-high input impedance (1017 Ω) and can detect small electric potentials with high 
sensitivity. Basically, by scanning the EPS over the surface of a specimen, the electric 
potential map of the scanned plane (in the vicinity of the surface) can be obtained.  
EPS was initially designed for the non-invasive detection of the weak electrical 
signals generated by the human body, for example, the electrocardiogram (ECG) and 
the electroencephalogram (EEG), and the feasibility for NDE has been demonstrated 
by the inspection of carbon fibre composite [30] and stainless steel [31]. The EPS 
approach can be used in both voltage and current mode. In the voltage mode, the 
conducting specimen is connected to an AC voltage via an electrode attached to the 
specimen. This creates an equipotential surface on the sample. If there is any flaw on 
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the surface, there will be a drop of the measured potential in the plane parallel to the 
surface of the specimen, as shown in Figure 1.6(a). The voltage mode only works for 
surface features, as the equipotential surface blankets everything underneath it. For 
hidden flaws, the current mode is need. In the current mode, a finite current is injected 
through the specimen by two electrodes at both ends of the specimen. This creates a 
voltage gradient along the length of the sample which should be uniform in the 
absence of defects. If a flaw exists in the path of the current (on the surface or within 
the skin depth), it will be reflected as local changes in conductivity (resistivity) and 
will be made manifest through the surface electric potential map above the sample 
(e.g. registered (locally) as relatively steep gradients, as shown in Figure 1.6(b)).  
 
Figure 1.6: Schematic diagram for EPS in (a) voltage mode and (b) current mode. 
The second technique is called capacitive resistivity (CR) technique [32], which is a 
geographical technique for the non-intrusive characterization of the shallow 
subsurface of the earth’s surface. Fundamentally, the CR technique has evolved from 
the DC resistivity (potential drop) method (shown in Figure 1.7(a)) by changing the 
resistive coupling (direct contact between the electrodes and ground) into capacitive 
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coupling (non-contact), as shown in Figure 1.7(b). In a similar way to the DC 
resistivity method, the measurement circuit of the CR technique can be divided into 
two parts: a transmitter circuit used to energise the ground, and a receiver part to 
measure a potential. In practice, the sensors are usually in the form of “line-antenna” 
or “plate-wire combination”. Recently, the CR sensor with an inductive source has 
also been reported [33]. 
 
Figure 1.7: Schematic diagram for (a) the DC resistivity method and (b) the 
capacitive resistivity method[32]. 
1.3 A general review on capacitive sensors 
In addition to the above, many other different kinds of capacitive sensors have been 
designed, which are all based on the same physical phenomenon. A review of these 
capacitive sensors will help to understand the CI technique presented in this thesis. 
The first reference to capacitive sensors is found in Nature,1907 [34], and the 
capacitive sensors have been developing since then. Fundamentally, most of the 
capacitive sensors are based on extremely simple physical concepts-the simple 
parallel capacitor model [35]. In this model, the capacitance, C, is related to other 
parameters by a simple relationship: 
 /C A dε= , (1.2) 
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where d is the plate separation, A is the plate area and ε is the dielectric constant of the 
material sandwiched between the plates. Nowadays, capacitive sensors have a wide 
variety of uses. Typical applications of capacitive sensors can be loosely placed into 
the following categories: 
Proximity sensing- Capacitive proximity sensors sense distances to nearby targets 
without requiring contact. There are basically two types. In the first, the sensor itself 
forms one plate and the object to be measured forms the other. For theses sensors, the 
target object has to be conducting. The second type uses the principle of fringing 
capacitance, and the target object could either be a conductor or an insulator. The 
application of proximity sensors includes personnel protection (alarm will be 
triggered if the operator’s hand is too close to the machine) [36, 37], light switches 
(light will be switched on for an approaching person) and vehicle detection. 
Measurement - Capacitive coupling between electrodes can be used to measure 
physical quantities such as displacement [38], thickness [39], rotation [40], movement 
[41], pressure [42], humidity [43], properties of substance [44], etc. The measured 
physical quantity can change one (or some) of the three parameters (ε, A and d) 
mentioned in Equation (1.2) and hence a measurable capacitance change. For example, 
in a capacitive humidity sensor, it is the change in the dielectric constant of the 
material (humidity in air), ε, that changes the capacitance. There are many examples 
in the literature [45-47], e.g. for multi-interface detection between air/liquid.  
Fingerprinting - Capacitive sensor arrays with extremely small (~ 0.05 mm) sensing 
pair are used to acquire tiny surface features (such as ridges and valleys on human 
skin), and prototypes of fingerprint acquisition systems [48, 49] have been reported in 
the literature.  
IT applications - In some devices, data are capacitively-coupled across a small gap. 
Typical applications in this category is the capacitive card reader  [50]. Capacitive 
sensor arrays can also be used to detect the motion of fingers or eyebrows [51] [52].   
Some of the touch screens on mobile phones and computers are also examples in this 
category. 
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Flow Tomography - Electrical Capacitance Tomography (ECT) offers a method for 
measuring the physical properties of solids, liquids and gasses [32]. ECT systems 
usually operate under the 2D assumption and image the material properties across the 
cross-section area (e.g. a section of pipeline). The cross-section to be imaged (say of 
flow in a pipe) is surrounded by a set of capacitive electrodes which are mounted 
inside (conducting walls) or outside (insulating walls) of the vessels, as shown in 
Figure 1.8. The changes in capacitance between all possible combinations of electrode 
pair (for a 12 electrodes system, as shown in Figure 1.8, the number is 66) which 
occur when material with different electrical properties is introduced to the imaging 
cross-section are measured.  The image of the cross-section is then reconstructed with 
these measured capacitances via various reconstruction algorithms. It is an excellent 
method for analyzing multi-phase flow in oil and gas pipelines. 
 
Figure 1.8: (a) Cross-sectional view and (b) 3D schematic diagram of a typical ECT 
sensor with 12 electrodes[53]. 
1.4 Objectives of the research and outline of the thesis 
The thesis describes the work conducted on the development and characterisation of 
the capacitive imaging (CI) technique, which has the potential to overcome some of 
the problems that may be encountered by other electrical and magnetic NDE 
approaches. Although the idea of using the capacitive coupling between active 
electrodes to measure physical quantities has existed for some time, the imaging 
ability of capacitive sensors for NDE purposes has yet to be studied in any great detail. 
As a general aim, this thesis seeks to investigate this aspect by presenting a full 
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appraisal of all aspects of the proposed CI technique. The scope of the research and 
the main objectives are: 
• To investigate the fundamental concepts of CI, and to provide a unified 
description of the physical principles that dictate its practical implementation. 
• To study the design principles of CI probes, and provide recommendations for 
probe design and selection. 
• To characterize fabricated CI probes and evaluate their imaging ability. 
• To identify influential system parameters, and to study the effects of variations 
in these parameters on the results obtained in an NDE measurement. 
• To prove the practical validity of the CI technique by experimentation, and to 
evaluate the use of CI in a range of different applications. 
These objectives are reflected in the following thesis structure: 
Chapter 2 gives a detailed introduction of the proposed CI technique, beginning with a 
description of the CI concept and fundamentals. This is followed with a brief review 
of the theoretical background, including the Maxwell equations, the quasi-static 
approximation, the electrical properties of the specimens under test and the 
calculation of capacitance. The modes of operation are then classified depending on 
the electrical conditions of the specimens along with the corresponding equivalent 
circuits. The instrumentation of the CI system is subsequently presented followed 
with some preliminary results - images formed by amplitude variation and phase 
difference from scans conducted on Perspex and steel plate. Finally, the proposed CI 
technique is compared with the widely used eddy current technique and conventional 
capacitive sensors.  
Chapter 3 discusses the general design principles of the CI probes. Firstly, measures 
for the evaluation of the CI probe performance are presented. The concept of volume 
of influence is then raised, to evaluate the imaging ability of a given CI probe. 
Examples of CI probe designs are then provided, namely symmetric and concentric 
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geometries. Design factors, such as separation between electrodes, guard electrodes, 
and electrode shapes are also discussed and examined experimentally.  
In Chapter 4, Finite Element (FE) models are constructed in COMSOLTM and used to 
model the CI technique. Firstly, the 2D models are used to demonstrate how the 
electric fields from a CI probe interact with different specimens. Effects of specimen 
thickness, lift-off distance and relative permittivity values on the CI probe response 
are carried out, together with simulations of flaw detection. Subsequently, 3D models 
were constructed, to provide a more accurate prediction of the probe performance. 
The measurement sensitivity of CI is then studied based on the 3D models. Firstly, the 
perturbation method is used and a rather coarse sensitivity map is obtained from the 
3D model. A detailed derivation of the sensitivity distribution function is then 
presented, based on which a more refined sensitivity map can be obtained. Finally, the 
sensitivity maps of probes with different geometries are obtained and compared, 
providing an overview of the CI probe performance and an assessment for the 
influences of the sensor design parameters. 
In Chapter 5, a series of basic experiments to validate the concept of the CI technique 
is described. The results of these experiments are used to verify the predictions of the 
probe performances discussed in Chapters 3 and 4. Firstly, some instrumentation- 
related issues are considered. Secondly, typical results including the detection of 
surface and hidden defects in non-conducting specimens, and surface features on 
conducting specimens, are presented. Thirdly, practical CI measurements are 
undertaken with various samples under different situations and using different probes, 
through which the defect detection ability of the CI technique is assessed.  
Subsequently, surface features on metals are successfully detected through a relatively 
thick insulation layer, indicating a possible application for the detection of the 
Corrosion under Insulation (CUI). Finally, the responses of the CI probes to features 
smaller in size comparing to the probe sensing area are examined.  
In Chapter 6, the CI technique is used as an NDE tool to investigate various practical 
samples, including glass-fibre laminated composites and sandwich structures, 
laminated carbon-fibre composites, corroded steel plate, and pipes.  A set of 
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preliminary experiments to image buried objects (both conducting and non-
conducting) using the CI technique is also presented. 
Chapter 7 examines how the CI technique can be used on the inspection of concrete 
specimens. The introductory part of this chapter provides a brief review of the 
commonly used methods for concrete inspection. 2D FE models are then used to 
predict how the electric field interacts with concrete structures. The results of 
experiments conducted on different concrete specimens are also presented, including  
samples with surface cracks, hidden air voids and rebars. Finally, the limitations 
encountered in the concrete inspection using the CI technique are discussed. 
In Chapter 8, modified CI probes, including probes using two pins or two coils as 
active electrodes and using a high impedance oscilloscope probe as sensing electrode, 
are proposed and investigated. It is shown that this extends the range of applications 
of CI methods. 
Finally, Chapter 9 draws conclusions from this research, and outlines suggestions for 
further work which have arisen from the findings of this thesis. 
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2.1 Introduction 
It can be seen from the review presented in Chapter 1 that all electromagnetic NDE 
methods require some form of coupling between a sensor and the specimen under test. 
Depending on the nature of the source field, frequency and type of sensor, the 
coupling mechanism can be resistive, inductive or capacitive. Capacitive Imaging (CI) 
uses capacitive coupling to a sample. In this chapter, the concepts of the CI technique 
and the approach of the measurement will be discussed in an attempt to provide a 
unified description of this technique. Firstly, the fundamentals of the CI probe are 
described, together with some theoretical background. A classification of the modes 
of operation is then given, and the measurement techniques used in CI are discussed. 
Preliminary results are also presented, and the technique is compared to other 
approaches such as the eddy current technique. 
2.2 Capacitive imaging fundamentals 
The basic design of a typical capacitive imaging probe can be thought of as a parallel-
plate capacitor whose electrodes are unfolded into the same plane, as shown in Figure 
2.1.  
 
Figure 2.1: Schematic diagram of the electric field distribution as electrodes change 
from being in a conventional parallel-plate capacitor geometry (a) to become co-
planar (c). 
A schematic diagram of the capacitive imaging approach is shown in Figure 2.2. The 
co-planar probe, which contains two or more metal electrodes, generates a non-linear 
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electric field distribution within the test material when a potential difference is applied 
between the driving and sensing electrodes. The presence of the sample under test will 
affect the resultant electric field pattern, and furthermore, any property change in the 
sample (such as the presence of a defect) within the volume covered by the electric 
field distribution will also have an effect, as shown in Figure 2.2. The resultant 
electric field distortion will then result in a change in the charge induced at the 
sensing electrode, and this change in signal can be detected. Scanning such an 
electrode pair across a surface and measuring the resultant change in stored charge for 
a given voltage would then create a map of changes in electrical properties within the 
specimen under test. 
 
Figure 2.2: The schematic diagram of the capacitive imaging approach. 
Fundamentally, the behaviour of the probing electric field differs with the sample 
being insulator or conductor. If the testing sample is a dielectric material or possesses 
very low conductivity, the electric field generated from the capacitive imaging probe 
will have a certain volume of influence in the testing sample. Any defect presented in 
the volume will distort the electric field, and change the amount of induced charges on 
the sensing electrode, as shown in Figure 2.3(a).  
If the testing specimen is a conductor, the electric field will penetrate through both 
any insulation coating and the air gap, and reach the surface of the conductor. Due to 
the high conductivity, charges can move freely and will accumulate on the conducting 
surface. As a result, instead of going further into the conductor, the electric field will 
create an equal potential surface on the conductor, as shown in Figure 2.3(b). 
Therefore, only the surface features of the conductor (such as pitting, crack, corrosion, 
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etc.) will change the pattern of the local electric field and consequently change the 
amount of induced charge on the sensing electrode, while the interior features under 
the conducting surface are blanketed. Note that this CI approach is a non-contact 
technique and the air gap between the electrodes and the sample can be quite large (on 
the order of millimetres). Thus, sample surface preparation is often not required. In 
addition, the approach only requires single-sided access to the test sample. 
Defect
Testing 
sample
Air
Driving 
electrode
Sensing 
electrode
Capacitive imaging probe
(a)       (b) 
Figure 2.3: The schematic diagrams of the sensing mechanisms for (a) a non-
conducting specimen and (b) a conducting specimen with insulation coating. 
A typical capacitive imaging probe is shown in Figure 2.4. The co-planar triangular 
imaging electrodes, plus the grounded guard electrodes (used for shielding the two 
electrodes electrically from each other) are fabricated by etching a printed circuit 
board (PCB) substrate. The PCB was also coated in copper on its rear surface and 
mounted in a metal box to shield the electrodes from electrical noise interference, and 
to enhance the radiated electric field magnitude in the direction of the sample surface. 
For an accurate evaluation, the electrode geometry must be designed with some care. 
General design principles will be discussed in detail in Chapters 3 and 4. 
 
Figure 2.4: Photograph of a pair of triangular electrodes, mounted in a shielded 
metallic container. 
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2.3 General theoretical background 
2.3.1 Maxwell equations 
The most general formulation of the laws of electromagnetic fields is due to Maxwell 
who unified the observations of Faraday, Gauss and Ampere in four equations which 
relate the electromagnetic field to its sources. The vectors that constitute the 
electromagnetic field are the electric field density E, the magnetic induction B, the 
dielectric displacement D and the magnetic field intensity H. The sources are the 
spatial distributions of electric charge density ρ  and electric current density J. In the 
space-time domain Maxwell equations are typically described as: 
 ( 'Faraday s law
t
)∂∇× = − ∂
BE  (2.1) 
 ( 'Ampere s law
t
)∂∇× = + ∂
DH J  (2.2) 
 (Gaussianlaw)ρ∇ =Di  (2.3) 
  (2.4) 0 (Gaussianlaw∇ =Bi )
In order to solve the electromagnetic problems, a further set of relations among the 
field quantities D, E, B and H must be established, as there are more variables than 
equations contained within the Maxwell equations. These additional equations are 
known as constitutive relations, and can be written simply as: 
 0ε ε=D E  (2.5) 
 0μ μ=B H  (2.6) 
 σ=J E  (2.7) 
where ε  is the relative electric permittivity, μ is the relative magnetic permeability 
and σ  is the material’s electrical conductivity (in S/m). In free space, 0ε =8.85 pF/m 
and 0μ =4π·10-7 H/m. Note that, ε  and μ can be complex quantities representing 
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complex permittivity and complex permeability respectively (which are more 
appropriate to be denoted as ε  and μ ) and will be discussed later.  
2.3.2 The quasi-static approximation 
It can be seen from the previous section that Maxwell’s equations (which relate 
electric and magnetic fields) are needed for an accurate analysis of an electromagnetic 
problem. However, under certain conditions, a simplifying approximation which 
ignores magnetic fields is possible without significant loss of accuracy. Systems in 
which this approximation is reasonable are defined as quasi-static systems. Quasi-
static in electrodynamics refers to a regime where “the system is smaller compared 
with the electromagnetic wavelength associated with the dominant time scale of the 
problem.[1]”. More details of the quasi-static problem can be found in [2]. In the 
proposed CI technique, the frequency used is typically in the range 10 kHz - 1 MHz. 
Hence, the corresponding wavelength is in the range 300 m – 30 km, which is much 
greater than the dimensions of the probe. Therefore, the CI technique is comfortably 
in the quasi-static regime. In this regime, the magnetic field varies so slowly that it 
can be considered to be decoupled from the electric field and ignored. Therefore, 
simplified versions of Maxwell’s equations can be used, namely 
 0∇× ≈E   (2.8) 
 0∇× ≈H  (2.9) 
 ρ∇ =iD  (2.10) 
 0∇ =iB  (2.11) 
These simplified equations imply that the electric field E produced by a given charge 
density distribution ρ  is irrotational, and the magnetic field intensity H is 
approximated by zero. Furthermore, it is possible to express the electric field E as the 
gradient of a scalar functionϕ , called the electric potential or voltage, as: 
 ϕ= −∇E  (2.12) 
With the simplified equations, the analysis of the CI system can be considered as an 
electrostatic analysis and the problem can be simplified to the prediction of the 
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electric field produced by various charge distributions (from different probe 
geometries) within different materials and specimens under test. This uses Poisson’s 
equation, which takes the form: 
 0( )ε ε ϕ ρ∇ ∇ =  (2.13) 
In most of the CI applications, there is no free charge in the volume where the probing 
field exists (with the specimens being dielectrics). Thus the charge density 
distribution ρ  equals to zero, and the Poisson’s Equation (Equation (2.13)) reduces to 
the Laplace’s Equation, which is written as: 
 0( ) 0ε ε ϕ∇ ∇ =  (2.14) 
The electric potential distribution ϕ can then be obtained by solving the Laplace’s 
Equation. This will be further discussed in the Finite Element modelling in Chapter 4 
where a more general form is presented. 
2.3.3 Electrical properties of specimens under test 
For the proposed CI technique, it is important to have knowledge of how the electrical 
properties such as the conductivity and permittivity affect the measured signal. For 
good conductors, as mentioned in section 2.2, the probing quasi-static electric field 
will terminate at the conducting surface, and thus the electrical properties (primarily 
conductivity) have minimal effects on the measured signal. Conversely, for insulators 
and poor conductors, a certain interior volume of the specimen is probed by the 
electric field, and the electrical properties (primarily permittivity) have significant 
effects on the measured signal and need to be discussed in detail.  
When an external electric field is applied to a dielectric material in which the amount 
of free charge is very small (i.e. approximates to zero in Laplace’s Equation), the 
material will be polarized and the atom or molecule of the material forms an electric 
dipole that maintains an electric field which tends to oppose the applied field. For a 
linear and isotropic material, the polarization density P is related to the external 
electric field intensity E  as follows:  
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where again 0ε  is the permittivity of free space and eχ  is the electric susceptibility of 
the material. The electric displacement D  is then related to the polarization density 
P  in the following way: 
 0 0 (1 )eD
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0ε ε χ ε ε= +E + P = E = E  (2.16) 
where ε  is the static relative permittivity of the material and given by:  
 1 eε χ+  (2.17) =
It is worth noting that the constitutive relation described in Equation (2.16) is for the 
static case. In a time varying electric field the polarization is frequency-dependent and 
the frequency domain response of a dielectric material can be written in terms of the 
complex permittivity ε  as: 
 jε ′ ε ′′ε −= , (2.18) 
where the real part ε ′ is the commonly called permittivity which describes the ability 
of a material to support an electrical field (i.e. a measure of energy storage) and the 
imaginary part ε ′′ is the loss factor which represents the losses in the material (i.e. 
relaxation, resonant effect, or loss by ionic conduction). Since all media invariably 
posses a finite (although, possibly, very small) conductivityσ , a more general form of 
the effective permittivity effε can be written as: 
 
0
eff j
σε ε ωε
⎛ ⎞′ ′′= − +⎜⎝ ⎠
ε ⎟ , (2.19) 
where ω  is the angular frequency of the applied electric field. It can be seen from 
Equation (2.19) that the dielectric response of an insulating material is frequency-
dependent. Several mechanisms are associated with this phenomenon and represent a 
field of study in itself (a detailed description on these phenomena can be found in [3-
5]). However, such phenomena are not subject to this particular study, as in the quasi-
static regime the dielectric losses are 0ε ′′ = and ε ′ ε= (static relative permittivity). 
Equation (2.19) can then be written as: 
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0
eff j
σε ωεε = ε = − . (2.20) 
As the conductivity values of insulating materials are usually very small, the static 
relative permittivity ε  is a good approximation with which to characterize such 
materials, and will be used in the remaining part of the thesis. 
2.3.4 Capacitance 
Capacitance is the ability of a structure to hold electrical charge. It is also a measure 
of the amount of the stored electrical energy for a given electric potential. By the 
standard definition, the capacitance of conductor i due to a conductor j is the ratio 
between the charge on the conductor i (denoted as Qi) and the voltage between the 
conductor j and a reference. Because of the linearity of all the equations involved, the 
total charge on conductor i induced by all other conductors is the sum of the 
separately induced charges [6]. For the parallel geometry, as shown in Figure 2.1(a), a 
voltage V can be applied across the two plates to produce a total flux Ψ. Then the 
amount of flux in coulombs produced by V is: 
 Q CVΨ = =  (2.21) 
The symbol C is the capacitance of the plates in Farads (coulomb/volt). 
2.3.5 Calculating capacitance 
Capacitances for some typical capacitors have been calculated by researchers [7] and 
are summarized  in Table 2-1. Aside from the easy symmetric cases presented in 
Table 2-1, many other useful electrode configurations have been solved analytically, 
among which the mostly discussed one is the coplanar capacitor. To calculate the 
capacitance of a planar capacitor, it is customary to use conformal mapping [8, 9]. 
This  has been used to calculate the capacitance for capacitors with two coplanar 
strips [10], comb-finger capacitors [11], interdigital capacitors [12], multilevel metal 
capacitors [13], capacitor with a cylindrical dielectric [14], and capacitors with 
arbitrary cross section [15]. However, conformal mapping is only applicable to 2D 
cases (in the cross-section plane). Other methods, such as Green functions [16] and 
method of moments [17] have also been reported. However, these methods are only 
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suitable for geometries which have the correct symmetry (e.g. concentric geometries). 
To characterize co-planar capacitive imaging probes (such as that shown in Figure 2.4) 
a 3D analysis is required. It is thus necessary to use a numerical method. Finite 
Element modelling is used in this work, and will be discussed in detail in Chapter 4. 
Table 2-1: Capacitances for some typical capacitors. 
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2.4 Modes of operation 
Depending on the nature of the specimens under test, the CI technique operates in 
different modes as shall be demonstrated in this section. 
2.4.1 The CI probe with a non-conducting specimen under test 
The first mode of the sensing mechanism is the CI probe with a non-conducting 
specimen, as shown in Figure 2.5. 
 
Figure 2.5: Schematic diagram of the CI probe with a non-conducting specimen 
under test. 
In this case, the proximity of the non-conducting specimen and the air gap between 
the specimen and probe surface will act as the dielectric media between the two 
electrodes of the equivalent variable capacitor, as shown in Figure 2.6. Permittivity 
variations within the volume sampled by the probing field (such as a varying lift-off 
distance, a dent on the surface, a void under the surface or other forms of defects) will 
result in a capacitance change.  
 
Figure 2.6: Equivalent circuit of the CI probe with a non-conducting specimen under 
test. 
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2.4.2 A non-conducting specimen between the CI probe and a grounded 
substrate 
The second mode of the sensing mechanism is a non-conducting specimen between 
the CI probe and a grounded substrate, as shown in Figure 2.7. 
 
Figure 2.7: Schematic diagram of a non-conducting specimen between the CI probe a 
grounded substrate. 
In this case, if the non-conducting specimen is not too thick for the grounded substrate 
to have an impact, the grounded substrate will act as a third parallel-placed counter 
electrode, as shown in Figure 2.8. It will create an additional parallel-plate capacitor 
from each electrode to the grounded substrate, denoted as CDG and CSG. As parallel 
plate capacitors, these two capacitors will not be sensitive to the position of the 
specimen and the possible defects (if the distance between the probe surface and the 
grounded substrate is fixed). However, the capacitance between the driving and 
sensing electrode, denoted as CDS, will still be sensitive to lift-off distance and the 
position/size of the possible defects. 
 
Figure 2.8: Equivalent circuit of a non-conducting specimen between the CI probe a 
grounded substrate. 
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2.4.3 The CI probe with a grounded conducting specimen under test 
The third mode of the sensing mechanism is the CI probe with a grounded conducting 
specimen, as shown in Figure 2.9. 
 
Figure 2.9: Schematic diagram of the CI probe with a grounded conducting specimen 
under test. 
In this case, the proximity of a conducting and grounded specimen surface will act as 
a third, parallel counter electrode and again will create an additional parallel-plate 
capacitor from each electrode to the grounded surface, denoted as CDG and CSG ( As 
shown in Figure 2.10). The variations of the distance between the electrodes and the 
grounded surface (lift-off distance variations and/or surface features) will change the 
capacitances. For the capacitance between the driving and sensing electrode (denoted 
as CDS), due to the so-called shielding effect [18], as the grounded surface 
approaching the probe, more and more fringing electric field lines from the driving 
electrode will rather terminate on the grounded metal surface than cross to the sensing 
electrode. Therefore, CDS is also sensitive to the distance between the electrodes and 
the grounded surface (lift-off distance). 
 
Figure 2.10: Equivalent circuit of the CI probe with a grounded conducting specimen 
under test. 
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2.4.4 The CI probe with a floating conducting specimen under test 
The fourth mode of the sensing mechanism is the CI probe with a floating (i.e. non-
grounded) conducting specimen, as shown in Figure 2.11. 
 
Figure 2.11: Schematic diagram of the CI probe with a floating conducting specimen 
under test. 
In this case, the proximity of the conductive and electrically floating surface will 
create a parallel-plate capacitance from each electrode of the probe to the floating 
conducting surface as shown in Figure 2.12. Comparing Figure 2.10 and Figure 2.12, 
the shielding effect of the floating surface can be seen as the shield effect of a 
grounded surface coupled with a variable parasitic capacitor (denoted as CTG) from 
the floating surface to ground.  
 
Figure 2.12: Equivalent circuit of the CI probe with a floating conducting specimen 
under test. 
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2.4.5 Discussions on the modes of operation 
Due to the non-linearity of the fringing electric field from the planar CI probe and the 
complexity of the influential factors, it is difficult to find a comprehensive overview 
in the literature for obtaining some insight into the expected probe response to 
different defects in different operation modes. One paper has described ways of 
possibly finding the effect of distance from different conducting surfaces for 
capacitive position sensors [18], but this is insufficient for imaging applications. A 
method based on sensitivity distribution analysis has thus been developed and will be 
discussed in detail in later chapters. 
2.5 Measurement method 
Some of the capacitive sensors reported in literature use LCR meters to measure the 
capacitance changes [19-22]. This approach is not used in the present CI technique, as 
sometimes the sensitivity provided by LCR meters is not high enough to distinguish 
very small variations. In theory, the measurements of capacitance are usually taken 
either in the harmonic regime or in the static regime between at least two electrostatic 
equilibria [23]. To proceed such a measurement, the electrodes of the capacitive probe 
can be connected to the driving voltage, left floating or grounded. The voltage of 
driven and grounded electrodes is imposed (to the driving voltage or 0) at any time 
but the amount of charge on the electrode can vary. In contrast, the voltage on the 
floating electrode can vary but the amount of the charge cannot. The measurement can 
be taken from the driving, the grounded or the floating electrode and the measured 
signal can be either a charge, or a voltage [23]. For the proposed CI technique, the 
probe usually comprises two active electrodes: one of the electrodes is driven by a 
known voltage, and the measurement is taken from the other electrode. For instance, 
theoretically the sensing electrode can be connected to ground through an ammeter in 
order to obtain the charge (current) directly, or connected to a voltmeter to measure 
the voltage.  
From the above discussions, it can be seen that the capacitance measurement is 
practically an impedance measurement (i.e. apply an electrical stimulus (a known 
voltage or current) to the driving electrode and observe the response (the resulting 
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current or voltage) from the sensing electrode). Commonly, in terms of types of 
stimulus, there are three different methods which are used for impedance 
measurements [24]. 
1) To measure impedance by applying a single-frequency voltage and measuring the 
amplitude and phase shift of the resulting current at that frequency. 
2) To apply a transient voltage, e.g. a pulse or a step function, and to measure the 
resulting time-varying current. Both input and output signals are Fourier-transformed 
into the frequency domain, yielding frequency-dependent impedance. 
3) To apply a voltage signal composed of random (white) noise and measure the 
resulting current. By calculating the power density spectra of input and output signals, 
the frequency-dependent impedance can be obtained. 
The latter two approaches are broadband measurements and they need rather complex 
signal generation and processing, which make them very difficult for high speed 
measurement. Therefore, the single frequency approach is more suitable for the work 
in this thesis. 
Independent of the type of stimulus, there also exist several techniques for impedance 
measurement such as bridge method, resonant method, current-voltage method, 
network analysis method, auto-balancing bridge methods, etc. The selection of the 
techniques depends on frequency range, required accuracy, measurement range, and 
system complexity. More details of the current measuring techniques can be found in 
the Agilent impedance measurement handbook [25]. Since in this thesis the low-
frequency range is of particular interest, the very basic current-voltage approach, 
which is suitable for low-frequency measurement, was used and is briefly described 
below.  
In the four operation modes mentioned in the previous section, the sensing 
mechanisms (probe and specimens under test) can be considered as variable 
capacitors (denoted as C). If the input impedance of the measuring circuit (denoted as 
R) is taken into account, the measurement system can be considered as an RC series 
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circuit, and the voltage is measured from one electrode of the capacitor, as shown in 
Figure 2.13: 
 
Figure 2.13: Equivalent circuit of the measurement circuit. 
The relationship between the measured voltage and the driving voltage  can be 
expressed as: 
2U 1U
 2 1
U
j RC 1
j RC Uωω= ⋅+  , (2.22) 
where ω is the angular frequency of the driving voltage. From the vector diagram of 
this circuit, the amplitude of the output voltage 2U can be calculated as: 
 2 1
2 2
2
1
RU U
R
C
ω
ω
⎛ ⎞⎜ ⎟⎜= ⋅⎜ ⎟+⎜ ⎟⎝ ⎠
  ⎟ , (2.23) 
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and the phase shift φ  between and can be calculated as: 2U 1U
 1 1tg
RC
φ ω
− ⎛= ⎜⎝ ⎠
⎞⎟
9×
. (2.24) 
The system described by Equation (2.22) is a high pass filter. If a typical capacitance 
of the CI probe (C=1 pF) and the input impedance of the charge amplifier (R= 100Ω 
(> 10 kHz)) were selected as examples, the cut-off frequency of this system is 
Hz and the Bode diagram of the measurement system is shown in Figure 2.14. 1.6 10
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Figure 2.14:The Bode diagram of the measurement circuit described by Equation 
(2.22) 
It can be inferred from Figure 2.14 that the excitation frequency should be smaller 
than the cut-off frequency (1.6 Hz in this case) to ensure the measurement circuit 
is sensitive to the targeting capacitance change (on the slope of the plot), and the 
frequency range (10 kHz to 1MHz) used in this work is thus suitable. 
910×
In addition, from Equation (2.23) and Equation (2.24), it is evident that with the 
excitation amplitude 1U , excitation frequency ω and the input impedance R being 
constant, the amplitude of the measured voltage is positively correlated with the 
variable capacitance of the sensing mechanism, while the phase shift is negatively 
correlated.  
2.6 Instrumentation 
2.6.1 Instrumentation description 
A schematic diagram of the basic instrumentation is shown in Figure 2.15. The CI 
probe was held and manipulated by an X-Y scanning stage, which could be used to 
scan the probe across the sample surface. To measure the signal at any particular 
location, a single frequency AC signal was applied as the driving voltage to one of the 
electrodes. The frequency of operation could be adjusted from 10 kHz to 1 MHz. The 
drive voltage waveform was obtained from a Turlby Thandar Instruments TG120 
signal generator. The capacitance across the electrodes was not measured directly, as 
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this would not be sufficiently sensitive. Instead, a Cooknell CA/6 charge amplifier 
was used to convert the charge signal on the sensing electrode to an AC voltage signal, 
which could then be recorded if desired. However, greater sensitivity was obtained by 
using a lock-in amplifier, which converts the AC voltage signal into a DC voltage 
proportional to the amplitude of the received AC signal. The DC output was then 
recorded using a Tektronix TDS 430 oscilloscope, and transferred to the PC for 
storage. The PC also controlled the X-Y scanning stage, and the signal recorded in 
specified locations so as to build up an image.  
 
Figure 2.15: System block diagram of capacitive imaging system. 
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2.6.2 Explanatory notes on the instrumentation 
The CI probe is the core part of the system and must be designed according to 
particular applications, details on probe design and characterization will be presented 
in Chapter 3 and Chapter 4. 
The lock-in amplifier employed in the system is an example of phase-sensitive 
detection, and allows a high degree of noise suppression in small signal measurements. 
A Scitec 441 lock-in amplifier was used initially for preliminary tests and a SR850 
lock-in amplifier was then used for most of the results, as shall be demonstrate in later 
chapters. Note that, the SR 850 lock-in amplifier has an internal oscillator, which can 
provide both an adjustable-amplitude sine wave output and a synchronous, fixed-
amplitude reference output. The sine wave amplitude can be set from 4mV to 1 V rms 
(2 mV resolution). The oscillator frequency can be adjusted between 1 mHz and 100 
kHz. Sometimes, in a practical scan, the signal generator can be removed from the 
system and the sine wave output from the SR 850 is used to excite the driving 
electrode of the CI probe, while the reference output provides a frequency reference to 
the lock-in. 
 
Figure 2.16: Block diagram of the lock-in amplifier. 
Both of the lock-in amplifiers used in this work are dual-channel. Figure 2.16 shows 
the schematic diagram of a dual-channel lock-in amplifier. The Signal (output from 
the charge amplifier) is in the form of a sine wave with noise: 
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The Reference signal is with the same frequency of the Signal, as: 
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( ) sin( )V t V t reference reference reference= ω θ+
( ) cos( )V t V t
 (2.26) 
With a 90° phase shift the Reference signal becomes: 
 reference reference referenceω θ′ +  (2.27) =
The output from Multiplier 1 is: 
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−
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2 2
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signal reference signal reference reference reference
signal reference signal reference signal reference signal reference
V V t t N t V t
V V V V t
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ω θ ω θ ω θ
θ θ ω θ θ
= + + + +
= − − +
+ ( ) sin( )reference referencet V tω θ+
(2.28) 
After the low pass filter, the X output can be obtained: 
 1 cos( )
2
signal reference signal referenceX V V θ θ= −  (2.29) 
Accordingly, the Y output from the other channel can be obtained: 
 1 sin( )
2
signal reference signal referenceY V V θ θ= −  (2.30) 
The X output and Y output are then processed, and the R output and Φ output can be 
obtained respectively: 
 2 2
2
1
signal referenceR X Y V V= + =  (2.31) 
 1tan ( )signal referenceY
X
φ θ θ−= = −  (2.32) 
From Equations (2.31) and (2.32), it can be seen that the noise has been removed 
successfully. The R output represents the amplitude of the Signal while the Φ output 
represents the phase angle of the Signal. Both of the R output and Φ output can be 
used as parameters to form images, as shall be demonstrated. 
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2.7 Preliminary results        
Preliminary experiments were conducted to illustrate how this approach would work 
in practice, and the results are presented in this section. The first specimen was a 21 
mm thick Perspex plate containing four 20 mm by 20 mm square flat-bottomed holes 
(3 mm, 7 mm, 11 mm and 15 mm deep respectively). A 40 mm by 20 mm CI probe 
with two triangular electrodes (as shown in Figure 2.4) was scanned 1 mm above the 
surface with the holes. Both the amplitude and the phase were used to form images as 
shown in Figure 2.17. In the amplitude plot (Figure 2.17(a)), the square holes were 
detected as darker areas and in the phase plot (Figure 2.17(b)) the holes were detected 
as lighter areas. (In all the images presented hereafter, dark areas are low measured 
values and light areas are high values.) 
 
Figure 2.17: Capacitive images of a Perspex plate with four flat bottomed holes. (a) 
Amplitude plot and (b) phase difference plot. 
The second specimen was a 10 mm thick steel plate containing four 20 mm in 
diameter circular flat-bottomed holes (2 mm, 4 mm, 6 mm and 8 mm deep 
respectively). The same 40 mm by 20 mm CI probe with two triangular electrodes 
was scanned 1 mm above the surface with the holes and during the scan, the steel 
specimen was grounded. Again, both the amplitude and the phase were used to form 
images as shown in Figure 2.18. In the amplitude plot (Figure 2.18(a)), the square 
holes were detected as lighter areas and in the phase plot (Figure 2.18(b)) the holes 
were detected as darker areas. In addition, the depth information of the holes can be 
obtained in the amplitude plot from the intensity variations of the lighter areas. 
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Figure 2.18: Capacitive images of a steel plate with four flat bottomed holes. (a) 
Amplitude plot and (b) phase difference plot. 
It can be seen from Figure 2.17 and Figure 2.18, the CI probe is sensitive to surface 
features on both non-conducting and conducting specimens. It is also evident that the 
amplitude plots (Figure 2.17(a) and Figure 2.18(a)) provided higher contrast than the 
phase plots (Figure 2.17(b) and Figure 2.18(b)). Note that, differs from the eddy 
current approach, the phase different in the CI approach is caused purely by 
capacitance change in the measured circuit (shown in Figure 2.13) and does not 
contain information about the depth of the defect, as the probing electric field is 
considered to be established in the whole probed volume instantaneously in each scan 
position. Detailed experiment settings and more experiments will be presented in later 
chapters. 
2.8 Discussion and conclusions  
In this chapter, the theory background of the CI technique has been presented. The 
sensing mechanism, the measurement methods and the instrumentation of the CI 
system have also been explained, which provided an overview of the proposed CI 
technique. In order to gain a better understanding, the CI technique is compared with 
eddy current technique and other capacitive approaches.  
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2.8.1 Comparison with eddy current techniques 
At first sight, the CI technique may seem similar to eddy current methods, with the 
coils simply replaced by flat electrodes. However, the modes of operation are 
completely different.  
Consider first the sensing mechanism: for eddy current techniques, the coil is used to 
maximise the creation of an induced current within the material, caused principally by 
maximizing the oscillating magnetic field generated by the coil at the sample surface. 
Eddy currents are then generated which circulate within the material in closed loops, 
and these are detected by the same or a separate coil. However, the CI technique 
differs in that it maximises the electric field component and hence induces an 
electrostatic field. The absence of a coil minimizes the magnetic field component, and 
the air gap stops a direct ohmic current that would be generated by intimate contact 
between the electrodes of the device and any metallic/conducting specimen. Hence 
eddy current generation is discouraged, whereas a quasi-static electric field is 
established between the two electrodes, which can be used for imaging. 
In addition, eddy current techniques rely on current circulating within the materials, 
thus the materials need to have reasonably high conductivity values. The induced 
eddy currents are running on the surface of the conducting specimens and penetrating 
to a certain depth depending on the frequency and the nature of the specimen 
(permeability and conductivity), therefore the eddy current techniques are sensitive to 
surface features and near surface features within the penetration depth. However, the 
CI technique relies on the electric field between the driving and sensing electrodes, 
which has a certain volume influence in non-conducting specimen and can also be 
disturbed by a conducting surface. Therefore, the CI technique is sensitive to both 
surface and subsurface features in non-conducting specimens and surface features on 
conducting specimens. 
There is also a difference in the imaging performance. For the eddy current techniques, 
the penetration depth is determined by the frequency of the driving current and the 
nature of the conducting specimen (magnetic permeability and conductivity) due to 
the skin effect, and the ultimate imaging resolution, which primarily determined by 
the dimension of the eddy current probe, can also be affected by the frequency, as for 
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lower frequencies, the eddy current penetrates deeper into the material and also 
spreads a little wider in the radial direction. However, for the CI technique, there is no 
natural skin depth in non-conducting materials. The penetration depth and the imaging 
resolution are determined by the nature of the probing quasi-static electric field, which 
is primarily determined by the sensor geometry, and irrelevant to the frequency of the 
driving voltage. 
2.8.2 Comparison with other capacitive sensors  
It can be seen from the review presented in Chapter 1 that planar capacitive sensors 
have been widely used for a wide range of applications, such as proximity/ thickness/ 
displacement measurement, material characterization and NDE applications. In most 
of the NDE applications, the capacitive sensor systems are for non-imaging purposes, 
and the property changes in the specimens (e.g. water intrusion, buried objects or the 
presence of defects) are estimated based on the relation between the capacitance 
change and the property change. While for the CI technique, the actual image of the 
possible defects is sought. 
Capacitive sensors for imaging applications can be categorised into direct imaging, 
model based imaging and tomographic imaging [26]. The CI technique is a direct 
imaging method, in which a direct mapping from a set of measurement to an image is 
sought. Other direct imaging methods have also been reported sporadically, but they 
were either designed as array (and sometimes works in a differential mode for edge 
detection [27]) or with multi sensing elements. Most capacitive sensors for imaging 
applications fall into the latter two categories. In the model based imaging method, a 
model of the image and the imaging system is constructed (usually in the form of 
measurement grids or look-up tables), and this framework is then used to infer 
information that is not directly available [28, 29]. In the tomographic imaging 
methods, the sensitivity distribution of a sensor is obtained by solving the forward 
problem and then the image is reconstructed by solving the inverse problem. 
In past work, capacitive sensors have been designed for other applications and sensing 
methods [18, 27-32], while the CI probes used in this thesis are optimised for imaging 
performance. The electrodes in the CI probes are usually in triangular shape and 
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separated by a grounded guard electrode, and this has been found to be a good 
geometry for co-planar imaging, an aspect that has not been reported in the literature.  
2.8.3 Conclusions 
The theory behind the basic operation of capacitive imaging systems has been 
described, including the possible electrical arrangements and the basis behind the 
quasi-static approximation. The following chapters give more detail of the actual 
experimental arrangements and the way in which the expected fields can be modelled 
using Finite Element (FE) approaches. 
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3.1 Introduction  
Capacitive sensors have been used previously for a number of applications, with 
different designs of sensors being used to address specific measurement requirements. 
These can be generally grouped under three main application areas: proximity sensors, 
permittivity measurement and tomography in pipes containing multi-phase flow. 
Amongst all the design variables the electrode geometry is seen to be the most 
decisive factor [1-5]. As examples, circular geometry sensors have been used to 
estimate the permittivity of a sample [6], semi-cylindrical sensors were designed for 
examining hard rock core samples [7] and are also used within flow meters [8-11]. 
Multi-segment sensors have been used for many applications, including position 
measurement, the detection of interfaces and tomography [12-16]. Capacitive type 
sensors with other geometries have also been reported [17-23]. For capacitive 
tomography sensors (see Figure 1.8), where the electrodes are symmetrically mounted 
inside or outside the pipe wall, the effects of sensor structure [24, 25], electrode length 
[26], shape and position of guard electrode have been studied [15].  For planar 
capacitive sensors, in addition to the shape of the active electrodes, an added guard 
electrode has been proved to be beneficial to the designs [27]. For the commonly-used 
multichannel and interdigital sensors (see Figure 1.4), the spatial periodicity can 
multiply the sensors’ sensing capacitance and thus increase sensitivity.  
Studies have also been presented into developing design principles for planar sensors 
[1, 2, 28-31]. A review of these papers indicates that they were designed primarily for 
through-transmission or proximity sensing, with additional work for high accuracy 
permittivity measurement. The use of co-planar sensors for single-sided imaging and 
material inspection at depth within a solid has not been described in the literature in 
any detail.  Hence, the probes used in the present measurements must be designed 
with some care, to address the requirements for the NDE of materials and the imaging 
of defects.  
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In this chapter, key measures of the performance of the CI probes used throughout the 
work presented in this thesis are discussed. The general design principles are 
discussed by consideration of two typical probe geometries - symmetric and 
concentric.  
3.2  Measures for the evaluation of CI probe performance  
One of the most common uses for capacitive sensors is as proximity sensors, where 
the sensor head is used to measure the air gap between sensor and measured surface. 
For subsurface imaging and bulk inspection, the requirements are different – it is 
necessary to design the probe so that the required field distribution within the sample 
under test is produced. To evaluate the performance of a given CI probe, depth of 
penetration, measurement sensitivity, signal to noise ratio (SNR) and imaging 
resolution could be considered as the fundamental measures. Each of the measures 
will be described in details in the following sections. 
3.2.1 Depth of penetration  
The depth of penetration, as the term implies, is a measure of how deep the electric 
field can penetrate into a sample. In CI applications, where the quasi-static assumption 
is valid, the penetration depth of the electric field into a given material is determined 
by two factors: the permittivity of the material and the electrode geometry. The electric 
field from a given driving electrode decays more quickly within materials with higher 
permittivity. However, the primary factor for a given material in determining depth of 
penetration is then the geometry of both the driving and receiving electrodes. For the 
purpose of defect detection using the CI technique, the depth of penetration is more 
suitably referred to as depth of interrogation, because we are interested in determining 
to what depth the change in electrical properties can be detected. Both the driving 
(source) electrode and the sensing electrode need to be considered.  
There is no consensus on defining the penetration depth for planar capacitive sensors 
because of the complexity of the fringing electric field and the variety of the probe 
geometry. One way of accounting for both sensing and driving electrodes in evaluating 
the effective penetration depth is to position a sample under the probe, move it further 
away from the surface and measure the terminal capacitance across the driving and 
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sensing electrodes [1]. A threshold of 3 percent of the dynamic range (the difference 
between the capacitance with sample at z = 0 position and the asymptotic capacitance 
(z = ∞)) is then used to define the z distance as the penetration depth, as shown in 
Figure 3.1.    
 
Figure 3.1: Evaluation of the penetration depth of a planar capacitive sensor, where 
γ3% is the effective penetration depth[1]. 
A second way of defining the penetration depth is to consider the overall capacitance 
in terms of energy [32]. The general formula for capacitance calculated from energy is: 
 2 eC V
= ⋅2 W∫ , (3.1) 
where V is the potential across the capacitor and We is the energy density. The 
penetration depth can then be defined as the depth at which 99% of the total 
capacitance is reached. 
These approaches differ from those used for eddy currents, where the penetration 
depth can be controlled by varying the frequency. The penetration depth of CI probes 
depends largely on the geometry of both of the electrodes (size, shape and arrangement) 
and the separation between the driving and sensing electrodes for a given material. The 
control of penetration depth from changing probe geometries in capacitive sensors, 
sometimes called the artificial-skin effect or zoom effect, has been exploited in the w-k 
dielectrometry sensors  [33]. For the interdigital sensors used, the penetration depth is 
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/ 2π , where defined to be of the order of λ λ  is the spatial periodicity of the electrode 
structure [28]. Such interdigital sensors are designed to have a high measurement 
sensitivity. In our case, it is signal change and not absolute value that is of primary 
interest. Hence the design of the measurement probe differs.  
3.2.2 Measurement sensitivity  
The measurement sensitivity is defined as the ratio between the change in output and 
the change of targeting physical parameter. For conventional capacitive sensors 
designed for measuring sample electric properties (non-imaging applications), such as 
measuring permittivity value or moisture content, the absolute value of the 
measurement sensitivity is enough as the whole sampled volume in a specimen is 
assumed to be homogeneous. For imaging applications, the distribution of sensitivity 
is also of interest, because the measurement sensitivity is position dependent for CI 
probes due to the non-uniformity of the electric field between the coplanar driving 
electrode and sensing electrode. The sensitivity distribution can be estimated using the 
tangential slope of the curve shown in Figure 3.1, and it can be seen that the 
sensitivity decreases with the distance increasing. The measurement sensitivity 
distribution is determined by the distribution of the electric field from the CI probe, 
which is primarily determined by the probe geometry. Generally, for a particular 
capacitive sensor, a local electric property change, such as the presence of a defect, 
will cause a bigger signal change if it is located in a position where the electric lines 
are more densely spaced (which is usually near the probe surface) as it will perturb 
more electric lines. It is worth noting that the imaginary electric lines emanate from 
the driving electrode, and can terminate at ground, infinity and the sensing electrodes. 
Only the electric lines which terminate at the sensing electrode take part in the 
measurement. Therefore, to be more accurate, the sensitivity is higher at a position 
where the electric lines which terminate at the sensing electrode are more densely 
packed. The sensitivity distribution of a CI probe can be predicted and subsequently 
used for probe design and optimization, and details will be discussed in the next 
chapter. 
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3.2.2 Imaging resolution 
Imaging resolution refers to the smallest feature that can be detected from a scan. For 
NDE purposes, an image produced by a CI probe should have an appreciable spatial 
resolution to define the shape and size of a defect. In a 2D X-Y scan, each pixel in the 
obtained image corresponds to the result from a scan position, and the intensity of the 
pixel is a reflection on the local electric properties averaging over a certain volume. 
The sampled volume of each scan point is also determined by the geometry of the 
probe. Generally, for a fixed electrode size and shape, a bigger electrode separation 
means lower resolution as the probe effectively samples a bigger volume. Note that, 
imaging resolution of a given CI probe may vary when applied to samples of different 
electric properties (conductivity or permittivity), because the probing electric field 
behaves differently with the sample being conductor or insulator. 
3.2.3 Signal to noise ratio (SNR) 
The capacitive imaging technique employs the fringing electric field from the planar 
electrode pair, and hence the capacitive coupling between the driving and sensing 
electrode is relatively weak. This leads to a very low signal on the sensing electrode 
which can be easily disturbed by noise. In terms of probe design, the signal to noise 
ratio can be improved by increasing the signal level (e.g. using a bigger size electrode 
and smaller electrode separation) or by reducing the noise level (e.g. using grounded 
back plane and guard electrodes). 
3.3 The definition of the volume of influence (VOI) of the CI probe  
From the discussions of the major measures of probe performance, it can be 
concluded that the performance of the CI probe is determined by the geometry 
(including the shape, size and arrangement of the electrodes) in a complex way. It is 
difficult to optimize the probe design by accessing each of the design parameters 
separately, because one design parameter can influence the probe performance in 
different aspects, and several design parameters can be considered at the same time to 
achieve one design requirement. The volume of influence (VOI) is thus used to 
describe which part of the testing sample under the probe plays a significant role in 
the measurement.  
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The broken line in Figure 3.2 schematically shows the VOI of a CI probe. Only the 
defects presented in the VOI will cause a detectable signal change. The VOI of a CI 
probe determines the ability to image defects at particular locations (in the same way 
that radiation field patterns from ultrasonic transducers define image quality).  
Preferably, the volume of influence should have a small cross-section in the horizontal 
direction and a large depth in the vertical direction, to provide a better spatial 
resolution for the image and a deeper penetration depth.   
 
Figure 3.2: Schematic diagram of the volume of influence (VOI) of the CI probe. 
Within the quasi-static electric field range, the VOI is primarily determined by the 
geometry of the CI probe. A common method based on the spatial distribution of 
energy was initially proposed [34] and used to determine the VOI for soil moisture 
content measurement using time domain reflectometry (TDR) probes [35] and 
capacitance probes [36]. In this thesis the determination of the VOI will be based on 
the analysis of the sensitivity distribution, which will be obtained through 3D Finite 
Element modelling in Chapter 4. The characterization for the volume of influence of 
CI probes will also be described in detail in chapter 4. 
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3.4 Examples of CI probe designs 
To demonstrate the general relationship between the design variables and the probe 
performance, preliminary studies on two types of CI probe designs are presented here, 
namely symmetric probes and concentric probes.  
3.4.1 Symmetric probes 
The simplest symmetric capacitive probe is formed by a pair of rectangular metal 
plates, which acts as the positive and negative electrodes of the capacitor. To improve 
the performance of a symmetric CI probe, several design factors are considered. 
These factors are discussed in detail as follows: 
a) Separation between electrodes: 
For coplanar capacitive probes, the separation of a given shape of the electrodes is an 
important factor in controlling penetration depth. Figure 3.3(a) shows a pair of square 
electrodes. with d1 being the separation between their centroids, and Figure 3.3(b) 
shows a second pair with an increased separation d2 (>d1). Figure 3.3(c) and Figure 
3.3(d) are the cross-sectional views of the probes. The dashed lines indicate the 
electric field lines which effectively take part in the measurement. It can be seen that a 
probe design with a larger distance between the centroids of the two electrodes is to 
the detriment of the signal strength, as the field lines are spread over a larger volume 
of solid material. In this case, the coupling between the two electrodes is weaker and 
the electric field lines are more prone to travel further to reach the sensing electrode. 
This increases the penetration depth, and is hence useful for the detection of deeper 
features. Conversely, if the distance between the centroids is smaller (as shown in 
Figure 3.3(a)), the coupling between the two electrodes is stronger, and the electric 
field lines are more concentrated at the sample surface.  
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Figure 3.3: Schematic diagrams for CI probes with different electrode separations. (a) 
Separation d1, (b) Separation d2, (c)Cross-section of the probe with d1 separation and 
(d) Cross-section of the probe with d2 separation. 
A six electrode array has been used to simulate electrode pairs with different 
separations experimentally. This is shown in Figure 3.4. 
Figure 3.4: Electrode array with each electrode numbered. 
The first electrode from left acted as the driving electrode and excited by a 10V peak- 
to-peak AC voltage, the second to the sixth electrode acted as sensing electrode in turn 
and the voltages on those sensing electrodes were measured. While one pair was 
selected other electrodes were left floating. The results are shown in Table 3-1 and 
Figure 3.5. It can be seen from the results that as the separation increases the voltage 
on sensing electrodes decreases which indicates a weaker capacitive coupling between 
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the electrode pair. Note that, the measured voltage did not tend to zero for the furthest 
pair because the guard electrodes surrounding each active electrodes in this electrode 
array were left floating during the experiment and coupled from both the driving and 
sensing electrodes. 
Table 3-1: Measured induced voltage for selected electrode pairs. 
 Pair Measured induced Voltage (V) 
1 1-2 2.90 
2 1-3 1.43 
3 1-4 1.08 
4 1-5 1.03 
5 1-6 1.00 
 
Figure 3.5: Induced voltages of different electrode pairs. 
Another experiment aimed to find the relationship between the penetration depth and 
electrode separation using this six electrode array. The system diagram is shown in 
Figure 3.6. A grounded steel rod (5mm in diameter) was held and manipulated by the 
scanning stage. Electrode 1 in Figure 3.4 was driven by a 20 V peak-to-peak AC 
voltage and the induced voltage on electrode 2 to 6 was measured by an oscilloscope 
while the rod was moving away from the array surface along the central line for each 
selected pair. 
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Figure 3.6: Experimental arrangement for measuring the response of the electrode 
array to a grounded steel rod. 
Two of the results are shown here. For electrode pair 1-2, as shown in Figure 3.7(a), 
the voltage increases as the rod moving further till about 40 mm in this case, 
indicating the penetration depth is roughly 40 mm for pair 1-2. (Note that, the 
relatively big voltage (~3.7V) but small dynamic range of the measures signal was 
due to the floating guard electrodes and the absence of grounded back plane.) Similar 
results were expected for other pairs. However, as shown in Figure 3.7(b), even for 
pair 1-3, there was no such trend as in the pair 1-2 case. The reason is in the cases of 
pair 1-3 to 1-6 the separation between the driving and sensing electrode were too far 
and the coupling between the electrodes becomes too weak. In addition, the floating 
and guard electrodes drew more electric lines, which depleted the coupling further 
more. As a result, in the VOI of the 1-3 pair the sensitivity to the perturbation (the 
grounded rod) was too low to be measured with such equipment. Based on the results, 
a series of CI probes with gradually increased electrode separations are required. 
Alternatively, the effect of the electrode separation on the penetration depth for 
60 
 
Chapter 3 General design principles for CI probes 
symmetric CI probes can be examined from finite element models, and details will be 
shown in Chapter 4.  
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(a)                                                                    (b) 
Figure 3.7: Measured voltage with grounded rod moving away from array surface. (a) 
Electrode pair 1-2 and (b) electrode pair 1-3. 
b) Guard electrode: 
When a voltage is applied to the driving electrode of a CI probe, the electric field 
emanates from all surfaces, including the side edges despite the fact that the electrode 
is usually very thin. The electric lines originated from the driving electrode are 
usually denser near the probe surface hence such devices are sensitive to very small 
unwanted surface features (such as surface roughness and dirt).  In addition, if the 
thickness of the testing sample is small compared to the probe size, the effective 
regions of the measurement will be outside the sample. These factors are difficult to 
control in practical tests, so the results may become unreliable [27]. Guard electrodes 
are thus employed here to diminish these disadvantages as well as focus the electric 
field and eliminate noise from unwanted sources (e.g. ambient electromagnetic field). 
In capacitive imaging applications the guard electrodes are held at a “ground” 
potential. 
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Figure 3.8: Schematic diagrams for CI probes with and without guard electrodes. (a) 
Top view of the CI probe without guard electrodes, (b) Top view of the CI probe with 
guard electrodes, (c) Cross-section of the CI probe without guard electrodes and (d) 
Cross-section of the CI probe with  guard electrodes. 
Figure 3.8(a) is a top view of a CI probe with the basic symmetric geometry - a pair of 
co-planar rectangular electrodes. The coplanar electrodes were patterned on an 
insulating substrate. Figure 3.8(b) shows an identical pair of electrodes with grounded 
guard electrodes – darker areas surrounded and between the electrodes.  Figure 3.8(c) 
and figure 3.8(d) are the cross-sectional views of the two probes with the solid and 
dashed lines representing the schematic electric field lines. Again the dashed lines 
describe the regions that primarily affect the output.  
The fringing electric field that originated from the driving electrode will travel 
through the air gap, penetrate into the sample and terminate on the sensing electrode. 
Without the guard electrodes, some of the electric lines travel directly from the 
driving electrode to the sensing electrode and they are more densely-spaced within the 
air gap, which makes the probe very sensitive to the small lift-off distance, as shown 
in Figure 3.8(c). The inner guard electrodes between the driving and sensing 
electrodes counteract this effect by blocking the direct path of the electric field line 
from the driving electrode to the sensing electrode and pushing more field lines 
towards the sample under test, as shown in Figure 3.8(d). Although the grounded 
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guard electrode between and surrounding the driving and sensing electrodes will 
reduce the signal strength, as some charge is lost in the parasitic coupling between the 
driving / sensing electrode and the grounded guard electrode, it will effectively 
increase the penetration depth of the probe and make the probe less sensitive to 
changes in the small lift-off distance. This is a drawback for displacement/distance 
measurement but an advantage for imaging purpose. 
As mentioned earlier in this section, if the thickness of the non-conducting sample is 
small compared to the probe size, some of the electric lines will penetrate through the 
sample and emerge from the far side. The situation is illustrated by the solid electric 
lines in Figure 3.8(c). Although these lines are not in the high sensitivity region, they 
might cause errors in measurements. The outer guard electrodes counteract this effect 
by attracting some of the outer electric lines and make the probe less sensitive to the 
thickness of the sample, as shown in Figure 3.8(d).  
Note that the situation shown in Figure 3.8(d) is a case in which the sensing electrode 
is floating, and hence there is a potential difference between the sensing electrode and 
the grounded guard. In practical CI applications, the charge signal (displacement 
current) on the sensing electrode is measured by charge amplifiers with low input 
impedance, which makes the sensing electrodes virtually grounded. Hence no charge 
is lost in the parasitic coupling between the sensing electrodes and grounded guard 
electrodes. 
The influence of the guard electrodes was experimentally examined by measuring the 
electric field distribution in the vicinity of the CI probes. The system diagram for 
electric field measurements is shown in Figure 3.9. The driving electrode of the CI 
probe was stimulated by a signal generator (Turlby Thandar instruments TG120), and 
the sensing electrode was grounded. An oscilloscope probe (Tektronix P6139) was 
held and manipulated by an X-Y scanning stage, and the measured voltage in the 
vicinity of the probe is captured by the oscilloscope (Tektronix TDS430) and recorded 
by the computer.  All the electric field distributions presented in this chapter were 
obtained with the oscilloscope probe scanned over the interested areas with a 1mm 
step.  
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Figure 3.9: Experimental arrangement for electric field mapping. 
The probe examined to investigate the effect of the guard electrode is shown in Figure 
3.10.  
 
Figure 3.10: Photograph of a CI probe with rectangular electrodes and guard 
electrodes. 
Scans of the electric field distribution were performed with the guard electrodes 
electrically isolated and grounded. The results are present in both a 2D intensity plot 
and a 3D wire frame plot, as shown in Figure 3.11(a) and 3.11(b).  
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(a)      (b) 
Figure 3.11: Experimentally measured electric field maps below the square electrode 
pair shown in Figure 10, in a plane parallel to the electrodes and at a distance of 1 
mm. Scans are shown for the guard electrode (a) electrically isolated and (b) 
grounded. 
The scans were taken from a parallel plane to the electrodes and at a distance of 1 mm. 
It can be seen that the grounded guard electrode confined the electrical field within a 
narrower spatial range and prevented the field lines going directly from driving 
electrode to sensing electrode. This forces the electric field going towards the material 
under test and increases the field penetration depth. 
c) Choice of electrode shape: 
Conventional capacitive sensors usually contain two rectangular shape electrodes [21] 
or two sets of interdigital electrodes, and the distance between the centres of the two 
adjacent electrodes determines the penetration depth of those sensors [28]. For probes 
with same overall electrodes area, to achieve a greater penetration depth, one can 
increase the distance between the electrodes but this will weaken the signal strength as 
the coupling between the driving and sensing electrodes are weaker and reduce the 
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image resolution as they are sampling a bigger area of the sample and more 
importantly it is physically disallowed if the size of the overall probe size is fixed.  
Triangular electrodes can be used to balance these trade-offs, and can be positioned in 
two orientations: back-to-back or point-to-point. For back-to-back triangular 
electrodes, a comparison to rectangular electrodes of the same area (shown in Figure 
3.12 (a) with a dashed line), demonstrates that the centroids Pt for the triangular 
electrodes are further apart than the centroids Ps for the rectangular electrodes. This 
will make the penetration depth greater when imaging bulk features in non-conductive 
samples. 
 
Figure 3.12: Diagram for triangular pair probe (a) back-to-back (b) point-to-point. 
For a point-to-point triangular probe, Figure 3.12(b), the same comparison shows that 
the centroids for the triangular electrodes are more closely-spaced than the centroids 
for the equivalent rectangular ones. This will make the coupling between the two 
electrodes stronger which is good for surface feature imaging.  
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(a)
(b)  
Figure 3.13: Electric field plots along the dotted lines in each probe (a) back-to-back 
triangular electrodes (b) point-to-point triangular electrodes. 
The two arrangements have their own specialities and can be used in different 
situations. Figure 3.13 shows the electric field plots in air when scanning a probe 
along the dotted line and in a plane perpendicular to the page. From Figure 3.13(a), it 
can be seen that the electric field from a back-to-back triangular probe is converging 
towards the middle of the probe, while for a point-to-point triangular probe, the 
electric field is diverging towards the side of the probe as shown in Figure 3.13(b). It 
can then be concluded that the volume of influence of a back-to-back triangular probe 
is smaller than that of a point-to-point triangular probe if there is no sample under the 
probes. Note that, the plotted electric field maps (Figure 3.13) are in the form of equi-
potential lines from the measured electric potential (voltage), although the figure 
suggested that the electric field lines are denser under the driving electrode, that 
doesn’t mean that targeting features under the driving electrodes are more effective in 
the measurement, as only few of these field lines will terminate on the sensing 
electrode (and effective in the measurement). This is more appropriate to be explained 
in terms of the measurement sensitivity distribution, which will be discussed in 
Chapter 4. 
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When imaging a hidden feature in a non-conducting sample using symmetric probes, 
the whole volume of the fringing electric field will take part in the measurement. 
Therefore, with a smaller volume of influence, the back-to-back triangular probe will 
provide a better image resolution and will be capable of identifying defect with 
smaller size. On the contrary, the point-to-point triangular probe that has a bigger 
volume of influence will provide a deeper penetration depth and can be used to detect 
deeper buried defects. Conversely, when imaging a surface feature on a conducting 
sample using a symmetric probe, the fringing electric field between the nearest parts 
of the driving and sensing electrode will dominate. In the case of using point-to-point 
triangular electrodes, the volume of the fringing field between the two points of the 
two electrodes is very small and it will improve the sharpness of an image, which is 
an additional advantage of this kind of probe.  
There is another advantage of the triangular electrode probes, in that the sharper 
corners will accumulate more charges and produce more electric lines in the corner 
which makes the signal stronger. The advantages of the triangular electrodes and the 
discussions on the selection of the two arrangements according to different 
applications will be further discussed based on the FE modelling results in chapter 4 
and confirmed experimentally in chapter 5. 
d) Back plane: 
The electrodes of the CI probes can be made of a conductive material and there is 
usually a non-conducting substrate to mechanically support the electrodes. A 
grounded back plane is often used to shield unwanted electric field and ensure the 
radiated electric field emanated predominantly in the direction towards the sample. 
The CI probes described and used in this work were fabricated by etching a printed 
circuit board (PCB) substrate. The PCB was also coated in copper on its back surface 
and connected to ground when the probe is in use. The effect of the grounded back 
plane was studied. Two back-to-back triangular electrode probes were investigated. 
The two probes were nominally identical except only one of them was with the 
grounded backplane. Figure 3.14 shows the electric field plots in air when scanning 
the probes along the dotted line and in a plane perpendicular to the page. 
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Figure 3.14: Electric field plots along the dotted lines in each probe (a) with 
grounded backplane (b) without backplane. 
It can be seen by comparing Figures 3.14 (a) and (b) that the electric field decays 
more quickly with a grounded back plane. This is because the grounded back plane 
draws the electric lines from the front surface, which will result in a weaker signal 
level. However, compared to the case without the grounded back plane, the 
penetration depth will be increased. This can be explained by considering a practical 
measurement using a probe without the grounded backplane. In such situation, the 
“ground” potential will be at infinity (or at least on the grounded metal case), which 
will draw the electric lines further down compared to the case with a grounded back 
plane. Based on the comparison between the two cases, it can be seen that there again 
exists a trade-off between the penetration depth and signal strength.    
3.4.2 Concentric probes 
The second geometry of interest is shown in the photograph of Figure 3.15, namely 
that of using concentric electrodes, which could give better results under some 
circumstances [30].  
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Figure 3.15: Photograph of concentric electrode design. The outer annular electrode 
had inner and outer diameters of 32 mm and 48 mm respectively, and was separated 
from the inner disc electrode of 16 mm diameter by a thin grounded guard ring. An 
experimental scan was performed along the direction shown by the dotted line. 
A typical concentric probe has two active electrodes separated by a thinner guard ring. 
There are two modes of operation of this kind of concentric electrode design: either 
the central disc can be excited or the outer annulus can be used as the source. The 
electric field distribution that results from such a design has also been measured, as 
shown in Figure 3.16 for a plane across a diameter and perpendicular to the PCB 
surface. The field created by driving the outer annulus contains two lobes, as might be 
expected (Figure 3.16(a)). When the central disc is driven, Figure 3.16(b), a more 
suitable distribution is obtained, with a single central lobe. 
   
(a)                (b) 
Figure 3.16: Field plots of electric field distributions from concentric electrodes 
when (a) the outer annulus is excited, and (b) when the central disc is excited. 
The field in the latter case drops off fairly uniformly if measured in a perpendicular 
direction away from the driving electrode, as the plot of Figure 3.17(a) indicates. 
Conversely, the field drops off far more rapidly when the outer electrode is excited, as 
shown in Figure 3.17(b).  
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Figure 3.17: Decay of electric field amplitude as a measurement probe is scanned in 
a perpendicular direction away from the PCB surface, starting from (a) the centre of 
the inner disc and (b) from within the outer electrode. 
From the analysis on the design variables for symmetric probes, it can be inferred that 
the width of the surrounding ring, the size of the inner disc and the gap between them 
are the factors that affect the performance of the probe with concentric geometry. 
Four concentric probes were made to evaluate the effects of geometry on concentric 
probe performance. The related parameters are labelled in the schematic diagrams 
shown in Figure 3.18. 
 
Figure 3.18: Diagram for concentric probes. (a) Without inner guard electrode and 
(b) with an inner guard electrode. 
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A similar experiment setup as shown in Figure 3.6 was used. A grounded rod (5mm in 
diameter) parallel to the probe surface was scanning away from the concentric probe 
surface for each probe. The specifications for each of the concentric probes and the 
corresponding results are shown in Figure 3.19. 
The diameters of the inner discs for the four probes are identical and the outer rings 
were driven by the same voltage. Comparing Probes 1 and 2, with a wider separation 
and a thinner outer ring, Probe 2 has a bigger penetration depth (indicated by the 
dashed line) and lower measured values. Probe 3 has a similar penetration depth to 
Probe 2 but higher measured values. In addition, the grounded guard electrode in 
Probe 4 reduces the signal strength (lower measured values) but increased the 
penetration depth when compared to Probe 3. These results are in agreement with 
those of the triangular electrodes. However, note that the main difference of the 
concentric design is that its cylindrical geometry means that it is not sensitive to 
direction of the scan parallel to the measurement surface.  
Although the measured field maps (Figure 3.16) and field drops (Figure 3.17) differed 
when either the outer annulus or central disc was excited, the two modes of operation 
will produce identical images for the same sample, as expected from reciprocity 
arguments (details will be discussed in Chapter 4). In addition, the inner disc can be 
replaced by an oscilloscope probe to act as a sensing tip, which will provide a very 
high image resolution. Note that, due to the high input impedance of the oscilloscope 
probe (10MΩ), this arrangement is not a pure capacitance measurement but measuring 
the distortion of the electric field from the outer ring. 
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Figure 3.19: Probe specifications (left column) and corresponding probe responses 
(right column). 
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3.5 Discussion and conclusions 
In common with other types of capacitive sensor, the geometry of the electrodes is a 
decisive factor for CI probe performance. For CI probes, the driving electrode and 
sensing electrode need not be of the same shape or size (e.g. the concentric geometry), 
and they can be arranged in different ways (e.g. point-to-point and back-to-back 
triangular electrodes). Therefore for CI probes with different design parameters, they 
will have different volumes of influence. The character of the volume of influence 
(size and shape) for a CI probe determined by the electrode geometry, decides the 
performance of this specific probe.    
Generally, a bigger electrode area will provide a stronger signal but will trade off 
against the imaging resolution. Increased electrode separation and a grounded guard 
electrode will reduce the signal strength and spatial resolution at or near the surface 
but the overall performance of the probe will be compensated by a deeper penetration 
depth into the sample. Thus, ideally, to achieve an optimal design of the capacitive 
imaging probe, the geometry of the electrodes should be determined according to the 
desired penetration depth and imaging resolution for different applications. The 
electric field distributions in the examples shown in this chapter were measured in air 
and the design principles were derived based on the assumption that the sample under 
test is non-conducting. For surface features inspections on conducting samples, the 
probe performance will also be affected by the electrical condition of the conducting 
sample (e.g. sample being grounded or floating), details of which will be discussed in 
later chapters. 
Amongst all the possible designs studied, the symmetric triangular pair probe, as 
shown in Figure 3.12 (a), balances the trade-offs to a certain extent and can be used as 
a good general-purpose probe for preliminary tests. However, the optimal probe 
design for a particular measurement can be achieved by a proper selection of the 
electrode size, shape and arrangement, depending on the application. Further 
discussions on probe design and quantitative analysis of probe performance will be 
presented in the next chapter. 
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Chapter 4  Finite element modelling of the CI probes 
4.1 Introduction 
As seen in Chapter 3, optimal probe design is essential for CI to operate properly. As 
discussed earlier in Chapter 2, it is only possible to obtain an analytical solution of the 
field equations for planar capacitors with the simplest geometries, i.e. a strip-shaped 
electrode pair. For NDE purposes, the absolute value of the calculated capacitance is 
insufficient to characterize the probe performance. Instead, the way in which the 
probing electric field is perturbed by the defects presented in the specimen is of more 
interest. From the discussions presented in Chapter 3, it can be seen that there are 
several variables that can be used to tailor the CI probe for an optimum performance, 
but the construction and testing of different physical prototypes are expensive and 
time consuming. It is thus useful to develop numerical models to efficiently and 
accurately represent the probe’s performances.  
In this chapter, finite element modelling (FEM) is used to calculate the electric field 
and predict the electric potential distribution near the CI probe. Results from 2D 
models are presented to demonstrate the range of applications of the CI technique and 
used to evaluate the non design-related parameters. Probe responses to typical flaws 
are also presented. The construction of 3D models is introduced, together with 
methods of obtaining the sensitivity distributions of the CI probes from the 3D models. 
A comparison of the sensitivity distributions of different CI probes in different 
situations is also made.  
4.2 Finite element modelling applied to capacitive imaging probes  
In Finite Element (FE) models, the problem domain is divided into series of small 
regions (called “elements”) with simple geometries. The elements are then 
reconnected at discrete points (called “nodes”). The governing equations are applied 
to the sub-domain of a single element and the unknown variables at the nodes can be 
obtained. By connecting the elements together through the nodes, the behaviour over 
the entire domain can be determined.  
Chapter 4 Finite element modeling of the CI probes 
To apply the FEM to the CI probes, the governing equations need to be considered 
first. Fundamentally, the electromagnetic phenomena are governed by the Maxwell’s 
equations. In a general case of materials exhibiting both dielectric and conductive 
properties, the Maxwell-Ampere equation is considered. 
 
t
∂∇× = + ∂
DH J  (4.1) 
where H  is the magnetic field intensity, J  is the free current density and D  is the 
electric flux density. To eliminate the magnetic field intensity H , the divergence of 
both sides of Equation (4.1)  is taken, as: 
 ( )
t
0∂∇• + =∂
DJ  (4.2) 
The frequencies used in capacitive imaging probes are generally in the region 
between 10 kHz and 1 MHz. As mentioned in Chapter 2, at such frequencies, 
inductive phenomena can be neglected and the electromagnetic field can be 
considered as a quasi-static electric field. It can then be assumed that the time-
derivative of the magnetic flux density ( ) is negligible, and based on Faraday’s 
Law the electric field (
B
E ) is curl free, 
 0
t
∂∇× ∂
BE = - =  (4.3) 
Based on Equation (4.3), the electric field ( E ) can be described by an electric scalar 
potential distribution φ(x, y, z), so the electric potential distribution φ(x, y, z) can be 
introduced as: 
 ( , , )x y zϕ= −∇E  (4.4) 
and using the constitutive relationships: 
 ( , , )x y zσ=J E  (4.5) 
 ( , , )x y zε=D E  (4.6) 
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Equation (4.2) can take the form: 
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 [ ] [( , , ) ( , , ) ( , , ) ( , , ) 0x y z x y z x y z x y z
t
σ ϕ ε ϕ∂⎧ ⎫∇• ∇ +∇• ∇ =⎨ ⎬∂⎩ ⎭]  (4.7) 
Here, σ(x,y,z) is the conductivity distribution and ε(x,y,z) is the permittivity 
distribution. If the conductivity and permittivity distributions within the area of 
interest covered by the electric field are known, the electric potential distribution 
φ(x,y,z) can be obtained by solving Equation (4.7). But in practice, due to the time-
derivative coupling between the dielectric and conductive properties, solving 
Equation (4.7) is computationally prohibitive [1]. The practical way of solving this 
problem is to treat the system as either “predominantly dielectric” or “predominantly 
conductive” [1]. In the former case, Equation (4.7) can be simplified to be a Laplace’s 
equation:  
 [ ]( , , ) ( , , ) 0x y z x y zε ϕ∇• ∇ =  (4.8) 
This equation is valid, for example, for Electrical Capacitance Tomography (ECT) 
applications [2, 3] and dielectrometry sensors [4]. In the latter case, the equation 
becomes 
 [ ]( , , ) ( , , ) 0x y z x y zσ ϕ∇• ∇ =   (4.9) 
which is valid for Electrical Resistance Tomography (ERT) applications [5-7] and 
potential drop methods [8, 9]. 
Using the quasi-static assumption mentioned above, it is possible to use the Finite 
Element (FE) technique to solve the above equations, and to predict the potential 
distribution φ(x, y, z) produced by the capacitive electrodes in a particular medium 
and geometry. The capacitive imaging probes satisfy the Dirichlet Boundary condition, 
as: 
 
1
2
3
( , , )
( , , ) 0 ( , , )
0 ( , , )
V x y z
x y z x y z
x y z
ϕ
⎧ ∈Γ⎪= ∈Γ⎨⎪ ∈Γ⎩
 (4.10) 
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where, Г3 represent the external surface of the computational domains, and Г1 and Г2 
are the surfaces enclosing the driving electrode and the sensing electrode respectively, 
V is the voltage applied on the driving electrode. Once Equation (4.7) is solved, 
Gauss’s Law in a numerical integral form can be applied on the surface enclosing the 
sensing electrode to calculate the induced charge on that electrode that would result 
from the calculated electric potential distribution. Gauss’s Law can be written as:  
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d ( , , ) ( , , )
s
q x y z x y zε ϕ= − ∇∫∫ sw  (4.11) 
where s is the surface enclosing the sensing electrode.  
The overall aims of the FE modelling are threefold: 
1. To obtain the electric field distributions from the CI probe for specimens with 
different electrical properties. 
2. To look at the electric field distortions due to the presence of defects within 
specimens and also examine the qualitative and quantitative changes from the 
calculated capacitance. 
3. To back up the general design principles raised in Chapter 3, provide 
supplementary design suggestions and characterize particular CI probes.  
In this thesis, a commercial FEM package, COMSOLTM Multiphysics (version 3.3), is 
used for CI probe modelling. COMSOLTM handles general static and quasi-static 
electromagnetic fields for both 2D and 3D geometries, and provides a convenient 
connection to MATLAB for further and more flexible analysis. In addition, the 
calculated capacitance for planar capacitor from models constructed in COMSOLTM 
were proved to be with good agreement with other numerical methods [10] such as 
Methods of Moment (MOM) [11], Green’s function methods [12] and Fourier 
transform methods [13]. 
The steps needed to construct a model in COMSOLTM can be listed as follows: 
1. Choose the right modelling mode. 
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2. Draw the model geometry (including the CI probe and the specimen) and 
define the computational domain. 
3. Generate meshes with appropriate size and shape. 
4. Set sub-domain properties (define the electrical properties) 
5. Set boundary conditions. 
6. Solve the model and find the electric field distribution. 
7. Calculated desired physical quantities in the post-processing mode or export 
the data into MATLAB for further calculation. 
4.3 2D FE models  
2D models were constructed in COMSOLTM and the model geometry with the finite 
elements (meshes) is shown in Figure 4.1.  
 
Figure 4.1: 2D Model geometry with elements. 
The simplest CI probe geometry (two rectangular shape electrodes) was used in the 
2D models. It was assumed that the length of the rectangular electrode (perpendicular 
to the page) is much bigger than the width, so the electric field distributions along the 
length can be considered to be constant and won’t be affected by end fields. Based on 
this assumption, the 3D geometry of the probe can be reduced to 2D and 2D models 
can be used to represent the whole probe. In addition, the electrodes were considered 
to be ideal with zero thickness and can be defined as boundaries in COMSOLTM. 
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4.3.1 Field interaction with non-conducting materials 
As an example of a field prediction, Figure 4.2 shows the electric field distribution 
predicted by the FE model for a non-conducting medium (the rectangular object) for 
both (a) a uniform sample and (b) a sample containing an air-filled elliptical void. It 
can be seen that the presence of the air-filled defect causes a distortion of the electric 
field, and this would lead to a detectable change in signal. This is caused by the 
different values of the relative permittivity, εr, (or dielectric constant) assumed for the 
solid sample (Perspex with relative permittivity εr=3.3) and air (relative permittivity 
εr=1). Thus, the model shows how the capacitive probe detects sub-surface defects 
due to a permittivity difference between the sample and air. 
 
Figure 4.2: The electric field distribution (equi-potential lines) inside an insulating 
specimen for (a) a uniform sample and (b) a sample containing an air-filled defect. 
The source electrode is on the right. 
4.3.2 Field interaction with conducting materials 
The model is also useful in demonstrating the possibility of imaging conducting 
surfaces through an insulating barrier, as might exist in corrosion under insulation 
(CUI). Such a situation is shown in Figure 4.3. This represents a layer of insulation, of 
a thickness which is equal to air gap to the electrodes from the top surface of the 
sample (i.e. the lift-off distance). The electrodes were modelled at the relative sizes 
shown in the figure. Note that the field distribution predicted by these models is 
determined primarily by these geometric factors in the quasi-static model. The sample 
below the insulator is assumed to be a highly-conducting medium, such as a metal.  
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Insulator  
Conducting sample 
Figure 4.3: Schematic diagram of a model to simulate corrosion under insulation 
(CUI). 
Assuming the geometry of Figure 4.3, the FE model predicts the field distribution in 
Figure 4.4 for (a) a uniform sample and (b) a sample with a notch on the surface. It 
can be seen that in the latter case, the electric field is seen to penetrate through the 
thick outer insulating layer, and then to be distorted by the simulated defect. This 
gives some indication that changes in the surface features of a metal hidden behind an 
insulator can be detected through this outer insulating coating.  
 
Figure 4.4: Simulations of the electric field distribution for a metal sample covered 
with an insulator coating, for (a) a uniform metal surface, (b) a metal surface 
containing a notch. 
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4.3.3 Non-dimensional modelling for the CI probe response  
To obtain a general understanding on CI probe response from the 2D models, non-
dimensional models were developed. The schematic diagram of the model is shown in 
Figure 4.5. The separation of the two electrodes, denoted by the letter B, was used as 
the characteristic length thought out the remainder of the session 4.2.3. The width of 
the electrode was 2B.  
 
Figure 4.5: Schematic diagram for 2D non-dimensional models. 
4.3.3.1 Parametric studies on the CI probe response  
The effects of probe design parameters have been discussed in Chapter 3, and other 
non design-related parameters, such as thickness of specimen, lift-off distance and 
properties of specimen, remain to be studied. Non-dimensional models were used to 
examine the effects of these parameters and the results are presented in this section. 
Note that, the computational domain was 380B by 140B and the width of the 
specimens were 280B with their thicknesses changing in different models.  
4.3.3.1.1 Effects of specimen thicknesses  
The thickness of a specimen has a direct influence on CI probe response. For a non-
conducting specimen, if the thickness of the specimen is small (thickness 1 in Figure 
4.6), the electric field from the CI probe will penetrate through the specimen. If the 
thickness of the specimen increases, eventually the entire electric field will be within 
the specimen (thickness 2 in Figure 4.6), and the CI probe will be insensitive to the 
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thickness greater than this critical thickness. This critical thickness can reflect the 
penetration depth of the CI probe.  
 
Figure 4.6: Schematic diagram for models with specimens of different thickness. 
For non-conducting specimen a grounded substrate on the far side will greatly affect 
the results. The relative permittivity value of the specimen used to examine the effect 
of thickness and grounded substrate was chosen to be 4 and the lift-off distance was 
set to be 0.3B for all the thicknesses. The normalized capacitances were plotted 
against thickness (from 1B to 15B) for specimens with and without the grounded 
substrate, as shown in Figure 4.7. 
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Figure 4.7: Normalized capacitance against specimen thickness. 
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It can be seen that with a grounded substrate, the critical thickness is bigger (12 B) 
than the case without grounded substrate (6B). This is because the grounded substrate 
will drag more electric field lines down. Another advantage for grounded substrate is 
the dynamic range of the probe response is also increased. 
For conducting specimens, the equal potential surface on the conducting surface 
makes the CI probe insensitive to the thickness. 
4.3.3.1.2 Effects of lift-off distances  
 
Figure 4.8: Schematic diagram for models with different lift-offs. 
The effects of lift-off distances on the probe response are shown schematically in 
Figure 4.8. With lift-off 1, the specimen is within the reach of the probing field.  With 
an increased the lift-off distance, the specimen might be out of the range of the 
probing field, as in lift-off 2 in Figure 4.8. To examine the effect of lift-off distances, 
the thickness for the specimen was chosen to be 20B- a thickness much bigger than 
the critical thickness for both of the cases according to the results shown in the 
previous section. This means the thickness (with and without the grounded substrate) 
will not have any effect on the probe response in the models. In this case, a non-
conducting specimen with its permittivity value to be 4 and a conducting specimen 
with its surface explicitly grounded were examined, and the results are shown in 
Figure 4.9. 
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Figure 4.9: Normalized capacitance against lift-off. 
It can be seen that the trends of the capacitance change are opposite for the two cases: 
for the non-conducting specimen, the capacitance dropped with the lift-off distance 
increased to 3B, which indicated the CI probe can reach the specimen at a distance of 
roughly 3B. For the conducting specimen, the capacitance increased with the lift-off 
distance increased to 18B. Therefore, it can be concluded that the CI probes operate in 
an enhancement mode when sensing a dielectric specimen and a depletion mode when 
sensing a grounded conducting specimen and the measured capacitance saturated 
quicker in the dielectric case as the lift-off increasing. For both of the cases the 
absolute values of the tangent slopes of the curves decrease as the lift-off increases, 
which suggests decreasing measurement sensitivities.  
4.3.3.1.3 Effects of relative permittivity values for non-conducting specimens 
If the specimen is in direct contact with the electrodes, the capacitance will be 
proportional to the permittivity value. However, this is rarely the situation in NDE 
applications as there will always be an air gap between the specimen and the 
electrodes. Models were thus constructed to find out the relationship between the 
capacitance of the CI probe and the permittivity value of the specimen with an air gap. 
The non-conducting specimen examined in this case was 20B thick and the lift-off 
distance (air gap) was 0.3B. The relative permittivity values were increased from 1 to 
80. Figure 4.10(a) shows the results from the specimen without the grounded substrate 
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and Figure 4.10(b) shows the results from the specimen with the grounded substrate. 
It can be seen from Figure 4.10 that the capacitance increases non-linearly with  
permittivity when the values are low (i.e. < 15 in both figures). When the permittivity 
is > 15, the capacitances start to decrease with permittivity increases. The reasons are 
twofold:  
(i) With higher permittivity values, more electric field lines travel along the 
surface as the deflection of electrical flux at the boundary becomes 
pronounced and the specimen starts to behave like conductors. As a result, the 
capacitance between the electrodes will be reduced.  
(ii) For specimens with higher permittivity values, the electric field lines within 
the specimen tend to be straight and drawn to the ground plane rather than 
bended back towards the sensing electrode, which again will reduce the 
capacitance.  
Note that in the case without the grounded substrate (shown in Figure 4.10(a)), the 
ground potential was at the computational domain boundary, so the distance off the 
grounded plane was literally further, which makes the decrease effect less significant 
compared to the case shown in Figure 4.10(b). 
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Figure 4.10: Normalized capacitance against permittivity for a dielectric specimen (a) 
without grounded substrate and (b) with a grounded substrate. 
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4.3.3.2 Applications to flaw detection 
The 2D models were used to simulate the process in which the CI probes are scanned 
over samples with defects. The computational domain was 180B by 120B and the 
width of the specimens were 60B with their thicknesses of 20B at the unflawed parts. 
The lift-off distances between the probe surface and unflawed specimen surfaces were 
set to be 0.5B. Three fundamental flaws were studied, namely step, 7B wide groove 
and 3B wide groove. The responses for a dielectric specimen (Perspex, ε1=3.3) and a 
conducting specimen (aluminium) were studied respectively for each flaw. In the case 
of dielectric specimens, the dielectric properties were assumed to be ideal: 
homogeneous, isotropic and lossless. In the case of conducting materials, the 
specimen was grounded. All the voids were assumed to be filled with air (ε0=1).  
To simulate the signal obtained from scanning the probe over the specimen, the 
specimen was fixed in the centre of the computational domain and the 2D CI probe 
was moved across the domain width from left to right, zero position were taken as the 
step position in the first case and centres of the grooves in the latter two cases. 
4.3.3.2.1 Step  
The first flaw geometry was a step. The geometry of the probe and the specimen is 
schematically shown in Figure 4.11.  
 
Figure 4.11: Geometry of the probe and the specimen with a step. 
Figure 4.12(a) shows the electric field for the aluminium specimen when the step is 
right under the centre of the CI probe. The corresponding plot of the capacitance as a 
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function of the distance from the central line of the CI probe to the zero position of the 
scan is shown in Figure 4.12(b).   
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(a)                                                             (b) 
Figure 4.12: Response for the conducting specimen with a step. (a) Electric potential 
distribution for a step height of 1.5B, and (b) the predicted change in capacitance. 
The equivalent representations of the electric field and the CI probe’s response to the 
step with the same dimension in a Perspex specimen are shown in Figure 4.13. 
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(a)                                                             (b) 
Figure 4.13: Response for a dielectric specimen (step) (a) electric potential for step 
of height 1.5B, and (b) the predicted change in capacitance. 
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From Figures 4.12 and 4.13 it can be seen than the electric fields were perturbed in 
both of the cases, but that the step changes in capacitance were in opposite directions. 
The corners are also sharper in the aluminium case The changes are due to variations 
in lift-off distance (due to the presence of the step), and the responses of the probe are 
in good agreement with the results shown in Figure 4.9.  
4.3.3.2.2 7B Groove 
The second flaw geometry was a rectangular groove with a 7B width, which was 
wider than the overall width of the probe in the scan direction (5B), The probe and  
specimen are shown schematically in Figure 4.14. 
 
Figure 4.14: Geometry of probe and specimen with a 7B groove. 
Figure 4.15(a) shows the electric field for the aluminium specimen when the CI probe 
is centred above the groove. The corresponding plot of the capacitance as a function 
of the distance from the central line of the probe to the zero position (centre of the 
groove) is shown in Figure 4.15(b). The equivalent representations of the electric field 
and the CI probe’s response to the same groove in a Perspex specimen are shown in 
Figure 4.16. Both of the results are symmetric about the zero position, which is to be 
expected from the geometry of the flaw. The striking difference between the results is 
that the two curves have opposite polarities - with a peak shown in the aluminium 
case and a valley in the Perspex case. The dynamic ranges of the results are nearly the 
same for the corresponding case as shown in Figure 4.13(b) and Figure 4.14(b). This 
is because the groove is wider than the probe and when the probe is centred above the 
groove, the probing electric field will not be greatly affected by the edges of the 
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groove, so that the calculated capacitance will be determined only by the depth of the 
groove and should nearly the same as in the case with a step shape flaw. The full 
width half maximum/minimum (FWHM) can also give some indication of the width 
of the groove. 
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(a)                                                             (b) 
Figure 4.15: Response for a conducting specimen (7B groove) (a) electric potential 
for 7B groove (b) change in capacitance. 
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(a)                                                             (b) 
Figure 4.16: Response for a dielectric specimen (7B groove) (a) electric potential for 
7B groove (b) change in capacitance. 
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4.3.3.2.3 3B Groove 
The third flaw geometry studied was with a groove (3B wide) which was narrower 
than the overall probe width (5B), as shown in Figure 4.17. 
 
Figure 4.17: Geometry of probe and specimen with a 3B groove. 
Figure 4.18(a) shows the electric field for the aluminium specimen when the CI probe 
is centred above the groove. The corresponding plot of the capacitance as function of 
distance from the central line to the zero position (centre of the groove) is shown in 
Figure 4.18(b). The result is shown in the same scale as Figure 4.15(b), so that a direct 
comparison can be made. 
X/B
-20 -15 -10 -5 0 5 10 15 20
N
or
m
al
iz
ed
 C
ap
ac
ita
nc
e
0.4
0.6
0.8
1.0
 
(a)                                                             (b) 
Figure 4.18: Response for a conducting specimen (3B groove) (a) electric potential 
for 3B groove (b) change in capacitance. 
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The equivalent representations of the electric field and the CI probe’s response to the 
same groove in a Perspex specimen are shown in Figure 4.19. The result (Figure 
4.19(b)) is presented in the same scale as Figure 4.16(b). 
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(a)                                                             (b) 
Figure 4.19: Response for a dielectric specimen (3B groove) (a) electric potential for 
3B groove (b) Change in capacitance. 
The 3B groove produced similar results to the 7B groove case for both the aluminium 
and Perspex samples. However from the simulated electric fields shown in Figure 
4.18(a) and Figue 4.19(a), it can be seen that when the probe was centred above the 
groove, the edges of the narrower groove located in a position where the electric lines 
are denser compared to the 7B case and took a more significant part in the 
measurements, which brings extra complication to get the depth information of the 
groove from such scans. In addition, it is evident that the dynamic ranges of the 
curves shown in Figure 4.18(b) and Figure 4.19(b) are smaller than the corresponding 
result in the 7B cases. 
4.3.4 Discussion on the 2D model predictions 
The 2D theoretical models were constructed to investigate how the electric fields from 
the CI probe interact with both non-conducting specimen and conducting specimens 
with an insulation layer. The results suggest a wide application range for this 
technique.  
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Non-dimensional 2D models were constructed and influential parameters including 
the effects of thickness of specimen, lift-off distance and electric properties were 
studied to evaluate the performance of the CI probes. The fixed probe geometry 
eliminated the effects of design parameters discussed in Chapter 3 and can be used to 
demonstrate how the given CI probe responds to the non design-related parameters. 
The non-dimensional models were then used to predict the probe responses to typical 
flaws on the two cases representing the two extremes of electric properties, namely 
conductor (aluminium) and insulator (Perspex). The results from the typical flaws 
together with the results from the parametric studies give some indications of the 
probe responses for different defects on different specimens. 
It is necessary to emphasize that, the calculated capacitance from the non-dimensional 
models are affected greatly by the dimension of the computation domain unless the 
domain is big enough to be considered as infinity or explicitly grounded planes are 
included. Therefore, the trends of the curves shown in the normalized scale are of 
more interest than the absolute values.  
4.4 3D modelling for probe design and performance evaluation 
The 2D models have provided an indication of the way CI probes interact with 
various specimens in different situations. To characterize the given CI probes with 
more complex geometries than the simplest rectangular electrode pair (e.g. probes 
with guard electrode and triangular electrodes), 3D models are needed. 
4.4.1 Setting up the 3D models 
The 3D models were setup in the “Multiphysics” mode in COMSOLTM, in which one 
can combine basic modes together. For the 3D models for CI probes, the electrostatic 
mode and conductive media DC mode are combined. With such combination, models 
can be constructed and the functions required for capacitance calculation are available 
in the post processing mode.  
The model for a back-to-back triangular probe is described here in detail. A 60 mm x 
60 mm x 60 mm block centred at point (x = 0, y = 0, z = 0) was defined to be the 
computational domain. A 50 mm (x-axis) by 30 mm (y-axis) rectangular was drawn 
Chapter 4 Finite element modeling of the CI probes 
on the z = 0 plane and extruded upwards (positive z direction) to be a 2 mm thick 
plate as the dielectric substrate of the CI probe, as show in Figure 4.20(b),   
 
Figure 4.20: 3D model: (a)  the computational domain (60 mm x 60 mm x 60 mm) 
with a CI probe; (b) An example of FE meshing of the CI probe with the coordinate 
system used hereafter (axes have units of ‘cm’). 
In the coordinate system shown in Figure 4.20(b), based on which the results will be 
presented hereafter, the probe surface is centred at (x = 0, y = 0, z = 0). x = 0 plane is 
the cross-sectional plane along the short axis of symmetry of the CI probe, y = 0 plane 
is the cross-sectional plane along the long axis of symmetry of the CI probe, and z = a 
(a = -0.2, -0.5 or -1) planes are the parallel planes under the probe surface at the 
distances according to the values of a. To clarify the results, the plane coordinate 
systems for the 3 kinds of cross sections are shown in Figure 4.21 (taking back-to-
back triangular probe as an example). 
 
Figure 4.21: Plane coordinate systems for the 3 kinds of cross sections. 
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Seven geometries were studied in this work as shown in Figure 4.22, with their 
specifications shown in Table 4-1.  
 
Figure 4.22: Geometries of the seven probes studied. 
The computational domain for studying probe fields in air only assumed the dielectric 
constant to be 1. The material of the insulating substrate of the PCB was flame 
retardant woven glass reinforced epoxy resin (FR-4), and accordingly, the dielectric 
constant was set to 4.5. Since the electrodes and backplane are very thin copper layers 
(35 μm), they were treated as boundaries rather than sub-domains. This can reduce the 
computation complexity to a great extent as very thin sub-domains will require a very 
fine mesh element and increase the total number of the elements. 
All sides of the computational domain except the bottom plane (z=-3 plane was set to 
be ‘ground’) have a Neumann boundary condition which can be expressed as 
 / n 0∂Φ ∂ =G , (4.12) 
where  is the direction perpendicular to the surfaces. The conditions on all internal 
surfaces apart from the metal parts of the probe were set to ‘continuity’. The electric 
potential of the driving electrode was set to be 1 V and the electric potential of the 
sensing electrode was set to be 0 V (Dirichlet Boundary condition). Guard electrodes 
and backplane of the probe were set to ‘ground’. 
nG
The ‘triangle mesh’ was used and the number of elements was typically 400,000, 
which was about the maximum limit the PC (3.0 GHz Intel® CORETM 2 Duo 
processor, 2.0 G RAM) could handle. 
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Table 4-1: Specifications of probes shown in Figure 4.22 
Probe A: back-to-back triangular electrode probe I 
Overall Area (X-axis by Y-axis) 40 mm by 20 mm 
Area of each electrode plate Triangular- (16 mm x 16 mm)/2=128 mm2
Distance between the closest electrode edges 6 mm 
Substrate thickness 2 mm 
Width of guard electrodes Both surrounding and in between ( 1mm) 
Probe B: back-to-back triangular electrode probe II 
Overall Area (X-axis by Y-axis) 40 mm by 20 mm 
Area of each electrode plate Triangular- (16 mm x 16 mm)/2=128 mm2
Distance between the closest electrode edges 6 mm 
Substrate thickness 2 mm 
Width of guard electrodes Only surrounding (1mm wide) 
Probe C: rectangular electrode probe I 
Overall Area (X-axis by Y-axis) 40 mm by 20 mm 
Area of each electrode plate Rectangular- 8 mm x 16 mm=128 mm2
Distance between the closest electrode edges 6 mm 
Substrate thickness 2 mm 
Width of guard electrodes Both surrounding and in between ( 1mm) 
Probe D: point-to-point triangular electrode probe I 
Overall Area (X-axis by Y-axis) 40 mm by 20 mm 
Area of each electrode plate Triangular- (16 mm x 16 mm)/2=128 mm2 
Distance between the closest point 6 mm 
Substrate thickness 2 mm 
Width of guard electrodes Both surrounding and in between ( 1mm) 
Probe E: back-to-back triangular electrode probe III 
Overall Area (X-axis by Y-axis) 40 mm by 20 mm 
Area of each electrode plate Triangular- (16 mm x 16 mm)/2=128 mm2 
Distance between the closest electrode edges 6 mm 
Substrate thickness 1 mm 
Width of guard electrodes Both surrounding and in between ( 1mm) 
Probe F: rectangular electrode probe II 
Overall Area (X-axis by Y-axis) 40 mm by 20 mm 
Area of each electrode plate Rectangular- 8 mm x 16 mm=128 mm2 
Distance between the closest electrode edges 28 mm 
Substrate thickness 2 mm 
Width of guard electrodes Both surrounding and in between ( 1mm) 
Probe G: concentric electrode probe 
Overall Area (X-axis by Y-axis) 40 mm by 40 mm 
Radius of the inner disc Triangular- (16 mm x 16 mm)/2=128 mm2 
Distance between the closest electrode edges 6 mm 
Substrate thickness 2 mm 
Width of guard electrodes Both surrounding and in between ( 1mm) 
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4.4.2 Sample results 
Probe A (see Figure 4.22) was used as an example to demonstrate the kind of results 
that could be expected from the 3D models. There are two ways of presenting the 
electric field. The first way is using electric field lines, in which the direction of the 
electric field is directly shown and the strength is related to the degree of density of 
the lines. The second way is using electric potential, in which the direction of the 
electric field is perpendicular to the equal potential surfaces and the strength is related 
to the degree of density of the equal potential surfaces. Although both of the ways can 
be used in COMSOLTM, the second way was adopted in this chapter as it can provide 
a clearer illustration of the factors at work.   
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Figure 4.23 shows the electric field in the form of electric potential in the  planes (a) y 
= 0, (b) x = 0 , (c) z = -0.2 (plane parallel and under probe surface at a distance of 0.2 
cm), (d) z = -0.5, and (e) z = -1. In Figure 4.23(a) the driving electrode is on the left 
and in Figure 4.23 (c) to Figure 4.23(e) the driving electrode is on the top. All figures 
are in the same colour scale. Figure 4.23(a) and Figure 4.23(b), provided panoramic 
views of the electric field distribution and Figure 4.23(c) to Figure 4.23(e) 
demonstrated the attenuation of the electric field with the increasing distance away 
from the probe surface. The calculated capacitance for this probe is 1  F. .30 10×
A perturbation was then introduced in this model- a grounded steel sphere (3mm in 
diameter, centred at (x = 0, y = 0, z = -0.5)), as shown in Figure 4.24. Electric 
potential distribution in this model geometry was then obtained and plotted in Figure 
4.25. Comparing with the corresponding plots in Figure 4.23, the presence of the 
sphere is clearly seen. The calculated capacitance in the model with the perturbation 
(the steel sphere) is 4.13 10−× F - a smaller value than in the case without the 
perturbation. 
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Figure 4.23: Calculated electric field potentials for (a) the y=0 plane, (b) the x=0 
plane, (c) the z=-0.2 plane, (d) the  z=-0.5 plane, (e) the z=-1 plane and (f) the planes 
that the plots were taken. 
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Figure 4.24: 3D model: A back-to-back triangular probe with a grounded steel 
sphere. 
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Figure 4.25: Calculated electric field for the model with perturbation (presented in 
the form of electric potential) for the (a) y=0 plane, (b) x=0 plane, (c) z=-0.2 plane, 
(d) z=-0.5 plane, (e) z=-1 plane, and (f) the planes that the plots were taken. 
It is worth mentioning that in addition to the direct visualization feature and 
calculation functions provided by COMSOLTM, the solved model can be exported to 
MATLABTM. Variables, such as the electric field E, can be extracted and used for 
further analysis in a more flexible way. 
4.4.3 Discussion on the 3D models           
In a similar way to the 2D cases, the effects of specimen thicknesses, lift-off distances 
and different electrical properties on the calculated capacitance can also be obtained 
from the 3D models. To avoid repetition, this will not be presented here. It is worth 
noting that, like the 2D models, the 3D models also approximated infinite space by 
surrounding the CI probe with a finite domain, which could bring in errors. In 
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addition, the thickness of the metal electrodes was neglected (modelled as boundaries 
in models) which would also cause errors. 
From the sample results, the penetration depth of a particular CI probe can be 
obtained from the model using the two methods introduced in Chapter 3 (as 
mentioned in section 3.2.1) and the design issues discussed in Chapter 3 can also be 
investigated by changing the model configurations. However, how to determine the 
imaging ability of a particular CI probe remains unanswered. The sensitivity 
distributions of CI probes were thus studied and the results are presented in the next 
section.                                                                                
4.5 Sensitivity Distribution 
The sensitivity distribution, mentioned in Chapter 3, describes how effectively each 
region in the sensing area is contributing to the measured charge signal on the sensing 
electrode and it can be used to determine the VOI and the imaging ability of a CI 
probe. As also mentioned in Chapter 3, due to the non-linearity of the probing electric 
field, the sensitivity distribution of a capacitive imaging probe is non-uniform and is 
mostly dependent on the geometry of the probe. 
Calculations for the effect of variations in permittivity, voltage and electrode 
displacement have been reported for capacitive sensors [14, 15], including a 
discussion on obtaining sensitivity distribution/map for electrical capacitance 
tomography applications, as the sensitivity is the key for image reconstructions. While 
the sensitivity distribution for planar capacitive sensors is found sporadically [16], it 
has not been systematically discussed although it is very important for the CI probe’s 
performance evaluation. Two methods rely on the results from the finite element 
models are considered here for the calculations of the sensitivity distributions. 
4.5.1 Obtaining the sensitivity distribution using the perturbation method 
The perturbation method, as the term implies, is a method to evaluate the effects of an 
introduced perturbation on the resulting capacitance. The sensitivity distribution in a 
plane parallel to the probe surface was analyzed by placing cube perturbations of size 
5 mm x 5mm x 5mm under the CI probe (the distance was 2 mm). Figure 4.26(a) 
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shows the model for evaluating the sensitivity distribution with 64 perturbations 
distributed under the CI probe. In order to avoid the necessity to re-mesh the geometry 
for the perturbations in every position, all 64 perturbations were place in the domain 
and only the permittivity value of a single perturbation was changed. The background 
permittivity was set to 1(air) and the perturbation permittivity value was set to be 3.3 
(Perspex).  
 
Figure 4.26: Model for evaluation the sensitivity distribution with 64 perturbations. 
(a) 3D view and (b) 2D view with the coordinate system. 
The change in the capacitance nCΔ due to the presence of one particular perturbation 
at a position n is given by: 
 0n nC C CΔ = −  (4.13) 
where C0 is the capacitance for the unperturbed domain. The sensitivity distribution S 
can then be defined as [17]: 
 
( )
n
n
CS
max C
Δ= Δ , (4.14) 
where n =1,…,64 and the max( nCΔ ) is the maximum nCΔ  among all perturbations. 
Thus, the 64 perturbations provided 64 sensitivity values in the corresponding 
positions. 
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Figure 4.27: Sensitivity distribution in the z=-0.2 plane. 
Figure 4.27 shows the calculated sensitivity values which are plotted according to the 
direction of the CI probe shown in Figure 4.26(b). It can be seen from Figure 4.27 that 
the high sensitivity values are in the middle of the probe and decay quicker in y-axis 
than x-axis due to the geometry, which implies the back-to-back triangular CI probe 
will be directional in an X-Y scan.  
It is costly in terms of computation to obtain such a sensitivity distribution using 
perturbation method, as the model had to be solved 64 times to get the all 64 
sensitivity values in the plane. In addition, the sensitivity distribution is rather coarse 
and maybe of little help to provide the information of the CI probe’s imaging ability. 
4.5.2 Obtaining the Sensitivity distribution from a mathematical model 
To avoid repetitive computation, more efficient models are required. A model to 
compute the sensitivity distribution for a multi-electrode electrical capacitance 
tomography (ECT) system was developed [18] and the idea is adopted here to 
construct a similar model to obtain the sensitivity distribution for the planar CI probes. 
The model is schematically shown in Figure 4.28. To obtain the sensitivity 
distribution in the volume of influence (VOI) of a capacitive imaging probe, a small 
perturbation with high relative permittivity εr is introduced into the volume of 
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influence, as highlighted in the box. The volume of the perturbation is small with 
respect to the volume of influence so the electric field can be considered as a 
linear/uniform in the region of the perturbation. To simplify the discussion, the 
sensitivity distribution is firstly obtained in air and the conclusions will be generalized 
to the practical cases in the end of this section. 
 
Figure 4.28: Schematic diagram for the model to obtain the sensitivity distribution. 
The perturbation in the electric field generated by the driving electrode can be 
modelled as a dipole [14, 15] with an effective moment γP, where γ is the volume of 
the perturbation and P is the polarization of this perturbation caused by the electric 
field ED from the applied voltage V on the driving electrode, as show in the box. The 
relationship between the dipole polarization P and the unperturbed electric field 
caused by the electric field from the driving electrode ED can be written as:  
 0 e DP ε χ= EJG JJG   (4.15) 
where χe is the electric susceptibility of the dipole medium and is related to its relative 
permittivity εr by: 
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 1e rχ ε= −  (4.16) 
The presence of the dipole will change the electric field in the volume of influence 
and cause the signal change on the sensing electrode. The capacitance between 
driving and sensing electrodes can be defined as: 
 sQC
V
=  (4.17) 
where Qs is the charge on the sensing electrode, and V is the voltage applied on the 
driving electrode. As the potential on the sensing electrode is kept as zero, V is also 
the potential difference between the driving and sensing electrodes. If the charge Qs is 
fixed on the sensing electrode, the dipole perturbation will cause a small potential 
change on the sensing electrode, denoted ΔV. So the potential difference between the 
electrodes V becomes V+ΔV, and the capacitance change ΔC caused by the 
perturbation can be calculated as: 
 2
s s sQ Q QC
V V V V
VΔ = − ≈ −+ Δ Δ , (4.18) 
where ΔV is assumed to be small with respect to V. 
It is complicated to calculate ΔV directly from modelling the electric field caused by 
the introduced dipole in an arbitrary position, and to evaluate the effect of the dipole 
in every position in the volume, an iterative procedure which takes a long 
computation time is required as in the perturbation method discussed in section 4.5.1.  
Instead of modelling the electric field directly, the reciprocity theorem, initially 
introduced by Hermann von Helmholtz in connection with bioelectricity, can be used 
here to predict the potential change on the sensing electrode ΔV due to the 
perturbation. In brief, the reciprocity theorem indicate that the source and the detector 
can be swapped without changing the detected signal [19]. In the case of a capacitive 
imaging probe, because of the reciprocity relationship between the charge and electric 
potential, the prediction of the potential change ΔV on the sensing electrode caused by 
the dipole perturbation can be obtained from the consideration of the electric field 
potential Φu at the position of the perturbation caused by a unit charge on the sensing 
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electrode [18]. Then the contribution of the dipole to the voltage change ΔV can be 
expressed as [20]: 
 uV P EγΔ = JG JJGi , (4.19) 
where Eu is the electric field at the position perturbation caused by a unit charge on 
the sensing electrode. Equation (4.19) was derived by other researchers from lead 
field theory in [20] and from superposition theory in [18], and the author thinks that 
for the capacitive imaging probes it is more appropriate to  interpret the equation in 
terms of electric potential energy.  
Considering the electric potential energy change for a unit charge on the sensing 
electrode caused by the dipole perturbation, denoted as U, we get: 
 U q V= Δ , (4.20) 
where in this case q is a unit charge, so we get: 
 U V= Δ  (4.21) 
The electric potential energy change of the unit charge, U, should be equal to the 
electric potential energy of interaction between the unit charge and the dipole 
perturbation, which can be calculated from the dipole situated in the electric field Eu 
caused by the unit charge. Based on the assumption that the volume of the dipole is 
small, Eu can be considered as a uniform electric field in the region of the dipole. 
Thus U can be calculated as: 
 udipole dipole u uU P P E P Eγ= ∇Φ = − = −JJJJJG JJJJJG JG JG JGi i i  (4.22) 
So Equation (4.19) can be obtained from Equations (4.20) (4.21) and(4.22). 
Substituting Equation (4.19) into Equation(4.18), the capacitance change ΔC can be 
written as: 
 2
s
u
QC P
V
γΔ = − EJG JJGi , (4.23) 
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where s uQ E
JJG
 is equal to the unperturbed electric field caused by the sensing electrode if 
it is driven by a same voltage V, while the potential on driving electrode is kept at 
zero (referred to as reciprocal energization) and can be denoted as ES. Substituting 
Equations (4.15) into (4.23), the capacitance change due to a high permittivity dipole 
perturbation in the volume of influence can then be written as: 
 0 2
e
D SC E
V
Eε χ γΔ = − JJG JJGi  (4.24) 
For a given perturbation and a given voltage applied on the driving electrode, 
0
2
e
V
ε χ γ is a constant and the capacitance change caused by a dipole in an arbitrary 
position is determined by the dot product of the unperturbed electric fields from the 
driving  electrode (ED) and from sensing electrode (ES) in that position. To simplify 
the calculation, Equation (4.24) can be rewritten as: 
 0 0 02
e D S
D S e e D
E EC E E
V V V
ε χ γ
Sε χ γ ε χ γξ ξΔ = − = − = −
JJG JJGJJG JJG JJG JJGi i i  (4.25) 
where ξD and ξS are the electric fields in the position of the dipole perturbation when 
the driving and sensing electrodes are energised with a unit voltage respectively. The 
sensitivity distribution can then be defined as: 
 
0
D S
e
CS ξ ξε χ γ
∂Δ= = −∂
JJG JJGi  (4.26) 
This is in the same form for electrical capacitance tomography sensors [21-23], but 
the derivation process based on dipole perturbation presented in [18] and based on 
equations expressing electric field energy presented in [24] assumed that all the 
electrodes in a ECT system were identical, which is not always the case for planar 
capacitive imaging probes. Similar methods to calculate the sensitivity 
distribution/map (using dot product of two unperturbed fields) were developed 
initially for biomedical applications [25, 26], and also widely used in electrical 
impedance tomography systems [27], electro-magnetic tomography [28, 29],  and 
eddy current coil systems [30]. 
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Depending on the angles of the two electric fields, there can be regions where the 
sensitivity values are zero, positive or negative. Such situation can be illustrated in 
Figure 4.29. 
 
Figure 4.29 : Distribution of positive, zero and negative sensitivity values. 
Considering the driving electrode D and sensing electrode S as two point charges. As 
shown in Equation (4.26), the sensitivity at point A, denoted as SA, is the opposite 
number of the dot product of the two electric fields ES1 and ED1. Because the angle θ1 
is greater than 90 degree, SA is positive. Similarly, with θ2 being 90 degrees, SB is 
equal to zero and with θ2 being less than 90 degrees, SC is negative. Note that this is 
only an illustrative explanation. Due to the complexity of the actual CI probe 
geometry, and the positions of the grounded electrodes/backplanes, the sensitivity 
distribution is much more complicated than the case shown in Figure 4.29.  
The sensitivity distributions of the back-to-back triangular probe (Probe A) and the 
concentric probe (Probe G) were firstly studied as examples. According to Equation 
(4.26), the constructed model needs to be solved twice with the driving and sensing 
electrode reciprocally energized by the unit voltage (1V). The electric fields from the 
two solutions can then be exported to MATLABTM for the calculation. 
Figure 4.30 shows the sensitivity distributions obtained from Equation (4.26) for the 
back-to-back triangular probe (Probe A), including (a) the x = 0 plane plot, (b) the y = 
0 plane plot, (c) the 3D representation of y = 0 plane plot and (d) the 3D 
111 
 
Chapter 4 Finite element modeling of the CI probes 
representation of the z = -0.2 plane plot. It can be seen from Figure 4.30 that the high 
sensitivity values are mainly distributed at the adjacent boundaries between the 
driving and sensing electrode, and generally the sensitivity values decay along the 
negative z-axis.  
 
Figure 4.30: Sensitivity distribution of Probe A. (a) x=0 plane, (b) y=0 plane, (c) 3D 
representation of y=0 plot and (d) 3D representation of the z=-0.2 plane plot. 
Figure 4.31 shows the results for the concentric probe (Probe G), for (a) the x = 0 
plane, (b) the y = 0 plane, (c) the 3D representation of the y = 0 plane and (d) the 3D 
representation of the z = -0.2 plane. Similar results as in Figure 4.30 were obtained, 
and it can be seen that the sensitivity distributions are the same in both x = 0 and y = 0 
planes, indicating that the concentric probes are non-directional in the X-Y plane. 
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Figure 4.31: Sensitivity distribution of Probe G. (a) x = 0 plane, (b) y = 0 plane, (c) 
3D representation of  y = 0 plot and (d) 3D representation of the z = -0.2 plane plot. 
It can be noticed from both of the cases that negative sensitivities were located near 
the guard electrodes, within the dielectric substrate in the PCB, and in regions 
relatively far from the probe surfaces. From the derivation process, it can be 
concluded that, in such regions, increased permittivity values result in a decreasing 
capacitance. In practical scans, the regions with negative sensitivity values must be 
dealt with carefully, as will be demonstrated in Chapter 5.  
From the derivation process, it can be seen that the sensitivity distribution in a plane 
describes the responses of the CI probe to a point perturbation, which is practically a 
point spread function. By analysing the sensitivity distribution, the imaging ability of 
the probe can be estimated. In addition, the VOI of the CI probe can be defined with a 
selected threshold value. For instance, if the sensitivity value 0.15 was selected for the 
back-to-back triangular probe (Probe A) case, the penetration depth can be estimated 
by assessing the sensitivity values along negative z-axis in Figure 4.30(a) and Figure 
4.30(b) which is roughly 10 mm. Note that, the selection of threshold value is 
determined by the signal conditioning circuit connected to the probe, which 
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determines how small a signal variation can be observed. It is also worth mentioning 
that the analysis on the imaging resolution of the CI probe using the sensitivity 
distribution is more complicated than the conventional point spread function method 
in an optical imaging system, as the sensitivity distributions are different in different 
planes, so the imaging resolution changes with the distances off the probe surface. 
However, good approximations can be made by assessing the cross section planes 
parallel to the probe surfaces (z = a planes). 
It is necessary to emphasise that the expression for the sensitivity distribution 
(Equation(4.26)) is obtained by introducing a high permittivity dipole perturbation in 
air. However, the results can be generalized, as the calculation of the unperturbed 
electric field using FEM can take into account the effects of internal inhomogeneities 
in a sample or boundaries between different materials. In addition, the perturbation is 
not limited to permittivity changes, as the presence of conducting objects and surface 
feature changes on conducting samples will also have similar effects to perturbations.  
4.5.3 Sensitivity distributions of CI probes 
The sensitivity distribution can be used as a useful tool to characterize the CI probe 
and verify the design principles obtained in Chapter 3, as it provides a panoramic 
view of the probe performance. Also, by setting the same threshold value for different 
probes, a comparison of VOIs can be made, and the imaging abilities of the probes 
can be compared. Note that, in practice, this threshold value is the detecting limit of 
the measurement circuit, while in this chapter it is determined according to different 
plots only for optimal visualization. 
The sensitivity distributions of Probe C and Probe F were firstly obtained and 
compared to investigate the effects of electrode separation on the probe performances 
(see Figure 4.32). Probe C and Probe F are two rectangular electrode probes, and the 
only difference between them is the electrode separation, being 6 mm in Probe C and 
28 mm in Probe F. 
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Figure 4.32: Comparison between the sensitivity distributions of Probes C and F, for. 
(a) and (b) the y = 0 plane, (c) and (d) the z = -0.2 plane, (e) and (f) the z = -0.5 
plane,  and (g) and (h) the z = -1.0 plane.  
The colour maps can be forced to have the same scale for the corresponding planes, as 
shown in Figure 4.33. This is can be considered as setting a threshold to define the 
VOIs. Although some features are missing (saturated values in the middle as shown in 
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Figure 4.33(a), (c) and (e) for Probe C) and some features are very fuzzy (Figure 
4.33(d) and (e) for Probe F), direct comparison can be made between the two probes. 
It can be seen that the sensitivity is much higher for Probe C above the z = -0.5 planes, 
but it decays much more quickly for Probe C, as for the z = -1 planes there are rarely 
any separable sensitivity values in Figure 4.33(g) compared to Figure 4.33(h). Based 
on the comparison, it can be concluded that a smaller electrode separation will 
increase the signal level but reduce the penetration depth. This agrees with the 
discussion presented earlier in Chapter 3.  
The sensitivity distributions for Probe A (back-to-back triangles) and Probe D (point-
to-point triangles) were then compared, as shown in Figure 4.34. The colour maps are 
in the same scale for same planes in the two cases. Comparing Figure 4.34(a) and 
Figure 4.34(b), higher sensitivity values were distributed across a bigger volume for 
Probe A than Probe D. Comparing Figure 4.34(c) and Figure 4.34(d), the volume 
encircled by the outermost separable isoline (same value for the two cases) is bigger 
for Probe D in both horizontal and vertical directions, indicating a deeper penetration 
depth but a lower lateral imaging resolution. Comparing Figure 4.34(e) and (f) with 
Figure 4.34(g) and (h), it can be seen that the sensitivity distributions differ due to the 
different geometries. The sensitivity values are higher in the z = -1 plane for Probe D.  
Comparing Figures 4.33 and 4.34, the sensitivity distribution of the back-to-back 
triangular probe (Probe A) is similar to the rectangular probe with a smaller electrode 
separation (Probe C), but it has a bigger penetration depth. The sensitivity distribution 
of point-to-point triangular probe (Probe D) is likewise similar to that of Probe F, but 
with a stronger signal strength. It can thus be concluded that the triangular electrode 
pairs (in both the back-to-back and the point-to-point triangular probes) can have 
advantages over probes with rectangular electrodes in certain situations.  
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Figure 4.33: Comparison between the sensitivity distributions of Probe C and Probe 
F (in the same colour scale). (a) and (b) the y=0 plane, (c) and (d) the z = -0.2 plane, 
(e) and (f) the z = -0.5 plane and (g) and (h) the z = -1.0 plane. 
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Figure 4.34: Comparison between the sensitivity distributions of Probe A and Probe 
D in the same colour scale. (a) and (b) the x = 0 plane, (c) and (d) the y = 0 plane, (e) 
and (f) the z = -0.2 plane, (g) and (h) the z = -0.5 plane, and (i) and (j) the z = -1.0 
plane. 
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Some of the design parameters were also investigated from the sensitivity 
distributions, e.g. guard electrode and thickness of substrate. The back-to-back 
triangular probe (Probe A), the probe without inner guard electrode (Probe B) and the 
probe with thinner substrate (Probe E) were studied and the sensitivity distributions 
are shown in Figure 4.35. Comparing Figure 4.35 (a), (b) and (c) with (j), (k)and (l), it 
can be seen that Probe A has a deeper penetration depth than Probe B due to the 
introduced guard electrode, and the penetration depth is further increased by thinning 
the dielectric substrate.  
 
Figure 4.35: Comparison among the sensitivity distributions of Probe A, Probe B and 
Probe E (in the same colour scale). (a),(b) and (c) the y = 0 plane, (d),(e) and (f) the z 
= -0.2 plane, (g),(h) and (i) the z = -0.5 plane and (j),(k) and (l) the z = -1.0 plane. 
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4.5.4 Sensitivity distributions with specimens 
The sensitivity distributions presented in Section 4.4.3 were obtained in air. However, 
in practical measurements, the presence of specimens will inevitably change the 
sensitivity distributions. Sensitivity distributions of CI probes with testing specimens 
in the sensing areas are discussed in this section. 
Figure 4.36 shows the sensitivity distributions of the back-to-back triangular probe 
(Probe A) in the y = 0 plane and the z = -0.5 plane with a dielectric sample (ε = 4) 
situated under the probe at a distance of 20 mm (the z = -0.2 plane). They were 
compared to the sensitivity distributions in air as shown in Figures 4.36(a) and (c) in 
corresponding planes. It can be seen that the dielectric specimen enhanced the 
sensitivity in the air gap and depleted the sensitivity in the specimen. 
 
Figure 4.36: Comparison of the sensitivity distributions of Probe A without and with 
a dielectric sample. (a) and (b) the y = 0 plane; (c) and (d) the z = -0.5 plane. 
The results of the point-to-point probe (Probe D) were also obtained and are presented 
accordingly in Figure 4.37. 
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Figure 4.37: Comparison of the sensitivity distributions of Probe D without and with 
a dielectric sample. (a) and (b) the y = 0 plane; (c) and (d) the z=-0.5 plane. 
Similarly, the sensitivity distribution for CI probes with a grounded metal can be 
obtained (the lift-off distance was also 2 mm, which means the metal surface was in 
the z = -0.2 plane). Contrary to the dielectric specimen, the grounded metal will 
deplete the sensitivity in the air gap. To avoid repetition, the results are not shown 
here. 
Similar models were constructed for the point-to-point probe (Probe D), and direct 
comparisons can then be made between the sensitivity distributions of the back-to-
back and the point-to-point triangular probes with specimens, if the sensitivity 
distributions with dielectric/conducting specimens are presented in the same colour 
map for the same planes, as shown in Figure 4.38. 
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Consider the dielectric specimen in the z =- 0.5 plane (a plane within the dielectric 
specimen). The sensitivity values for the back-to-back triangular probe (Probe A in 
Figure 4.38(a)) are much higher and are distributed over a smaller area than for the 
point-to-point probe (Probe D) shown in Figure 4.38(b). This means that the back-to-
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back triangular probe is better for imaging defects buried at shallow depths within a 
dielectric specimen. Note that, if the defect is deeper buried and beyond the reach of a 
back-to-back triangular probe, a point-to-point one has to be used as the penetration 
depth is bigger, although it may only provide a fuzzy image with small variations. 
For the grounded metal surface, in the z = -0.1 plane (a plane near the grounded metal 
surface in the air gap), the sensitivity values for Probe A (Figure 4.38(c)) are much 
higher but distributed over a bigger area compared to Figure 4.38(d). This means that 
the back-to-back triangular probe will not give a sharp image when trying to image 
small features, because the point spread function in that plane is spatially bigger than 
the point-to-point probe. Therefore, the point-to-point triangular probe is a better 
choice for small surface feature on conducting surface if a signal conditioning circuit 
with high SNR is available. 
 
Figure 4.38: Comparison of the sensitivity distributions of Probe A and Probe D for (a) 
and (b) the plots of z = -0.5 plane with a dielectric specimen, and (c) and (d) the plots 
of z = -0.1 plane with a grounded conducting specimen. 
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4.6 Conclusions 
In this chapter, the use of FE models for the modelling of the fields from CI probes 
was discussed. Firstly, 2D models were constructed to demonstrate the electric field 
from the CI probe interacting with both non-conducting specimen and conducting 
specimen with an insulation layer. It has been demonstrated that the electric field 
distributions under the CI probe were significantly perturbed by the defects. 2D non-
dimensional models were then used to study the effects of specimen thickness, lift-off 
distance and different electrical properties of the specimen. Those non-design related 
parameters are difficult to be studied experimentally. It has been revealed that such 
parameters can affect the measured signal in a complex way and need to be taken into 
consideration in practical measurements. The 2D models were also used to predict the 
probe response for three typical flaws, namely step, narrow groove and wide groove, 
on both insulating and conducting specimens. The results indicated that the presence 
of the insulating specimens can enhance the output while the conducting specimens 
deplete the output. In addition, it can be seen from the calculated CI probe responses, 
the edges of the defects on the conducting specimens were better defined compared to 
the insulating specimens. 
3D models were then constructed in order to characterize CI probes with more 
complex geometries than the simplest rectangular electrode pair. The 3D models were 
used to obtain the sensitivity distribution both from a perturbation method and a 
mathematical approach. In the former method, a small perturbation was introduced in 
the sensing area, and the changes in the calculated capacitance values were registered 
to form a relatively coarse sensitivity map. In the latter method, it has been 
demonstrated that the sensitivity distribution can be expressed as the dot product of 
the electric fields from the driving and sensing electrodes which were reciprocally 
energized by a unit voltage.  
The sensitivity distributions for various CI probes were then obtained from the 
mathematical model and studied in detail. The sensitivity distribution can be used to 
determine the VOI and evaluate the imaging ability of a CI probe. Comparisons were 
made among the calculated sensitivity distributions from different probes, and some 
of the design principles raised in Chapter 3 were backed up by the analysis of the 
Chapter 4 Finite element modeling of the CI probes 
124 
 
obtained sensitivity distributions. The sensitivity distributions for back-to-back 
triangular probe and point-to-point triangular probe were studied with specimens 
presented under the probes. For both probes the presence of the insulating specimen 
enhances the sensitivity in the air gap and depletes the sensitivity within the specimen, 
while the presence of the grounded conducting specimen depletes the sensitivity in the 
air gap (no sensitivity within the conducting specimen). And the results confirmed 
that the back-to-back triangular probe is advantageous for the imaging of subsurface 
features in insulating specimens and the point-to-point triangular probe is 
advantageous for the imaging of surface features on a conducting specimen. 
The systematic studies of the influential parameters presented in Chapter 3 and 
Chapter 4 have provided an assessment of the practicality of the CI technique and it is 
now possible to anticipate the likely performance of any design.  
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Chapter 5 Experimental validation of the CI technique  
5.1 Introduction   
In previous chapters, the concept of the CI technique has been established in 
analytical models and finite element models, and the studies on probe geometries and 
sensitivity distributions have delivered criteria for probe design. This chapter is 
dedicated to the experimental validation of the CI concept. Firstly, issues related to 
instrumentation are addressed. Experiments on typical specimens are then presented 
to validate the feasibility of the technique on various specimens which were also 
studied in the FE models. Thirdly, parameters that may have effects on the capacitive 
images have been studied.  A typical image is obtained by scanning the CI probe in a 
raster pattern with a step size of 1 mm above the test samples at a certain lift-off 
distance. In a typical signal amplitude plot, lighter areas indicate higher intensity 
values. 
5.2 Instrumentation related issues 
As discussed in Chapter 2, the charge signal on the sensing electrode is very small and 
can be easily buried in noise or disturbed by unwanted sources. Although a charge 
amplifier and lock in amplifier can be employed to increase the measurement 
sensitivity and improve the SNR, particular attention is required: 
Cabling - Cables and connectors have to be carefully chosen and properly placed as 
they are typically the weakest part of a measuring system. When the coaxial cables 
connecting the CI probe, charge amplifier and lock in amplifier are subjected to 
movement (bending or tension), there may be charge transport, and local changes in 
capacitance can be generated. The produced charge signal cannot be distinguished 
from the probe output. This can be troublesome when measuring small features. To 
minimize this effect, the cables should be as short as possible and relative cable 
motion apart from the slack to allow free movement of the probe should be avoided. 
Alternatively, the charge amplifier can be built right on the probe as a unit and this 
problem can be solved completely. 
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Probe housing - As mentioned in Chapter 3, shielding is very important for the CI 
probes. While testing, it is quite noticeable that moving object (i.e. hand) near the 
PCB probe will affect the output voltage. This shows that the conducting back plane is 
inadequate to shield the electric field, as it is leaking from the sides of the PCB, such 
situation is illustrated in Figure 5.1: 
 
Figure 5.1: Electric field leakage. 
Therefore, a metal housing is needed for the PCB. In practice, screening metal boxes 
are used, as shown in Figure 5.2.  A hole with the same size of the PCB is machined 
into the lid of the box and the PCB is forced into the hole with its sides covered by 
metal. The metal box is then grounded via the BNC connector to effectively prevent 
field leakage. In addition, a handle can be mounted on the box for the scanning stage 
to manipulate the probe. An insulation layer is always used to protect the probe 
surface and prevent the probe from directly contacting with specimens (especially for 
the conducting ones, which will cause a ground loop if direct contact happened). 
 
Figure 5.2: PCB with metal enclosure and insulator protection. This layer was 
typically made from polyester and was 0.1 mm thick. 
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Probe mounting - Choosing the optimum mounting arrangement will significantly 
improve the measurement accuracy. For best performance, parallelism is crucial. If 
the specimen has an uneven surface or the probe/target is tilted any significant amount, 
as shown in Figure 5.3, measurement errors will be introduced.  
 
Figure 5.3: (a) Uneven Surface and (b) lack of parallelism. 
For flat specimens, the probe and specimen are normally positioned with care to 
ensure the parallelism. However, for specimens with uneven surface, constant lift-off 
is difficult to achieve. In these cases a spring can be built into the handle, and during 
the scan process the probe is spring-loaded to keep intimate contact with the 
specimens. 
Specimen surface finish - As mentioned in previous chapters, the CI probes work in 
a weighted averaging manner. Therefore, when trying to image subsurface features on 
specimens with rough surfaces, sometimes the measured value can change, even in a 
position without a hidden defect. The magnitude of this error depends on the nature 
and symmetry of the surface irregularities. 
Edge effects - For both dielectric and conducting specimens, edge effects can cause 
leakage of the probing electric field which will result in a sudden signal change. This 
is to do with the probing electric field being partially in the specimen range and 
partially outside. This effect could be predominant and may blanket the targeting 
features. One of the possible ways to solve this problem is to reduce electrode size, 
although trade-offs have to be made accordingly as discussed in Chapter 3. 
5.3 Typical results  
In Chapter 4, the 2D FE models were constructed to predict the possible response 
from the CI probe to defects in both insulators (see Figure 4.2) and conductors (see 
Figure 4.4). In this section, experimentally validation of these 2D models is presented. 
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5.3.1 Dielectric specimen 
Perspex represents an insulating dielectric material, and scans under different 
conditions have been performed for a 21 mm thick sample containing four 20 mm 
square depressions of different depths (3 mm, 7 mm, 11 mm and 15 mm), as shown in 
Figure 5.4 . 
 
Figure 5.4: Schematic diagram of a 21mm thick Perspex plate containing flat 
bottomed holes of depth (from left to right) 3 mm, 7 mm, 11 mm and 15 mm.  
This sample was firstly scanned over a 200 mm by 50 mm area, with the 40 mm by 20 
mm back-to-back triangular probe (shown in Figure 3.13(a)) maintained at a distance 
of 1 mm from the surface containing the flat-bottomed holes (Face A in Figure 5.4). 
The plate was placed on a grounded platform which acted as a grounded substrate on 
the far side. The resultant image is shown in Figure 5.5 (a), with the darker areas 
representing lower values. It can be seen from the intensity variations of the image 
that the holes in the Perspex plate depleted the measured signal to different extents 
according to the depths. A second scan from the flat surface (Face B in Figure 5.4) 
was then performed and the result (Figure 5.5 (b)) shows that the technique has also 
captured the presence of these holes, but with a lower resolution. It is worth noting 
that, contrary to the case for surface holes, the hidden holes were actually shown as 
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lighter areas in the image which suggested higher values. This phenomenon will be 
explained in detail in Section 5.4.  
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Figure 5.5: (a) Scan image from the surface containing the flat-bottomed holes. (b) 
Scan image from the far (flat) surface. The depths of the holes are 15 mm, 11 mm, 7 
mm and 3 mm from left to right. 
5.3.2 Conducting specimens 
5.3.2.1 Aluminium specimen 
Aluminium (conductivity σalu= 3.5× 107 S/m) represents a conducting material, and a 
scan was performed on a 9 mm thick sample containing four 20 mm square holes of 
different depths (2 mm, 4 mm, 6 mm and 8 mm), as shown in Figure 5.6 . A 40 mm 
by 200 mm area was scanned. During the scan, the aluminium plate was explicitly 
grounded and the 40 mm by 20 mm back-to-back triangular probe was maintained at a 
distance of 1 mm from the surface containing the flat-bottomed holes. The resultant 
image is shown in Figure 5.7. The holes are clearly imaged and the depth of the hole 
is related to the intensity of the image, as in the Perspex case. But the presence of the 
holes resulted in a local signal increment, as indicated by the lighter areas. 
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Figure 5.6: Schematic diagram of a 9 mm thick aluminium plate containing flat 
bottomed holes of depth (from left to right) 2 mm, 4 mm, 6 mm and 8 mm. 
 
Figure 5.7: Capacitive image of the aluminium plate containing flat bottomed holes 
of depth (from left to right) 2 mm, 4 mm, 6 mm and 8 mm. 
5.3.2.2 Steel specimen 
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A carbon steel (SAE 1045, conductivity σsteel= 6.2 × 106 S/m) specimen was also 
investigated to test if the conductivity of a conductor affects the detect ability of the 
system. The sample was 10 mm thick and contained 4 circular holes of same diameter 
(20 mm) and different depths  (2 mm, 4 mm, 6 mm and 8 mm), as shown in Figure 5.8. 
A 40 mm by 200 mm area was scanned. During the scan the steel plate was explicitly 
grounded and the 40 mm by 20 mm back-to-back triangular probe was maintained at a 
distance of 1 mm from the surface containing the flat-bottomed holes. The resultant 
image, shown in Figure 5.9, is similar to the aluminium case apart from the shape of 
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the imaged holes-the circular holes appeared in the image as lighter areas with the 
intensities related to the depths. 
 
Figure 5.8: Schematic diagram of a 10mm thick steel plate containing flat bottomed 
holes of depth (from left to right) 2 mm, 4 mm, 6 mm and 8 mm. 
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Figure 5.9: Capacitive image of the steel plate containing flat bottomed holes of 
depth (from left to right) 2 mm, 4 mm, 6 mm and 8 mm. 
5.3.2.3 Carbon fibre composite specimen 
Laminated carbon fibre composite is another example of a conducting material, 
although the electrical conductivity of the composite can be anisotropic due to good 
conductivity down the fibres. In fact, the electrical conductivity of the carbon fibre 
with a 7.5 μm diameter is 6.25 × 104 S/m [1], and the conductivity in directions across 
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the fibres is often lower due to the presence of the epoxy layers. The specimen tested 
here was a 5 mm thick carbon fibre composite plate with two 20 mm square flat 
bottomed holes with depth 2 mm and 4 mm respectively, as shown in Figure 5.10. 
 
Figure 5.10: Schematic diagram of a 5 mm laminated carbon fibre composite plate 
containing two flat bottomed holes of depth  2 mm(left) and 4 mm(right). 
A 40 mm by 100 mm area of Face A (in Figure 5.10) was scanned using the 40 mm 
by 20 mm back-to-back triangular probe with a 1 mm lift-off. During the scan the all 
the carbon fibre layers in the plate were grounded. The resultant image, shown in 
Figure 5.11, is similar to the aluminium case - the square holes appeared in the image 
as lighter areas with the intensities related to their depths. 
 
Figure 5.11: Capacitive image of the laminated carbon fibre composite plate 
containing two flat bottomed holes of depth  2 mm(left) and 4 mm(right). 
A similar scan was conducted from Face B, but neither of the holes could be detected 
in this case. Although the conductivity along the thickness of the carbon fibre 
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composite might be low, the high conductivity in the same layers of the carbon fibres 
will blanket any features underneath them. Therefore, the CI technique is only 
sensitive to surface features in carbon fibre composite as in the cases of metals. 
However, if the defects are near the surface and cause changes in the surface, they can 
be detected by the CI technique, as shall be demonstrated in Chapter 6. 
5.3.3 Preliminary conclusions 
The expected responses of the CI technique predicted by the 2D FE models were 
experimentally validated. For dielectric specimens, the probing field is modulated by 
both the surface and the subsurface features within the VOI of the probe. While for 
conducting specimens, the probing field is only modulated by the surface features and 
is insensitive to subsurface features.  
For surface features in dielectric specimens and conducting specimens, the responses 
of the CI probe are in opposite polarities. This is in agreement with the FEM results 
shown in Chapter 4. It is also worth noting that the CI probes are insensitive to the 
conductivity variations for specimens with high conductivities, unless these materials 
are very thin (on the order of microns - a case not examined in this thesis). 
5.4 Imaging hidden defects in dielectric specimens 
When trying to image subsurface features in dielectric specimens, special attention 
should be paid as the hidden feature could locate in a region where the sensitivity 
values are negative. 
As mentioned in Chapter 4, in the VOI of a CI probe there are regions where the 
sensitivity values are negative. In such regions, a perturbation with bigger relative 
dielectric constant than the ambient material will result in a lower output. Normally, if 
the sensitivity distribution is calculated without specimens (in air) the influential 
negative sensitivity values are situated beyond a critical distance (denoted as d1) from 
the electrode surface, as shown in Figure 5.12(a). For the cases with specimens, the 
critical distance (denoted as d2) will be reduced to a certain extent depending on the 
electrical properties of the specimen and the lift-off distance, as shown in Figure 
5.12(b).  
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Figure 5.12: Illustrations of the critical distance for (a) without specimen (in air) and 
(b) with dielectric specimen. 
When imaging surface features, the distance between the probe surface and the 
targeting surface is usually smaller than d1. Therefore, in this case there will be 
positive sensitivity values along the targeting surface, and the effect caused by the 
negative values beyond the depth of d2 are nulled out if the material is homogeneous 
under the surface. When imaging subsurface features, the situation varies with the 
buried depth of the targeting features. If the feature is buried at a depth smaller than d2, 
the positive sensitivity values will dominate, and the resultant image will be similar to 
the case with the same features appear on the surface although the contrast will be 
smaller due to the smaller sensitivity values. If the feature is buried at a depth greater 
than d2, the negative sensitivity values will dominate, and the resultant image will be 
similar to the complementary version of the case with the same features appear on the 
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surface, as the negative sensitivity values imply a reverse relation between the relative 
dielectric constant change and the output. 
The image obtained from the flat face of the Perspex sample, shown in Figure 5.5(b), 
is an example of targeting features located in negative sensitivity value regions - the 
holes filled with air which possess a lower relative permittivity value (εair= 0) than 
Perspex (εperspex= 3.3) produced higher values compared to the complete part.  
It can be seen from Figure 5.5(b) that even for the deepest hole, the bottom of which 
was 6mm from the flat side, was in the negative sensitivity value region. To 
investigate subsurface features in the positive sensitivity value region, a further set of 
experiments was performed on the same Perspex plate. In these experiments the face 
with the holes was covered by four pieces of Perspex plates with different thicknesses 
(2 mm, 3 mm, 4 mm and 5mm) in turn. Four scans were then performed with the 40 
mm by 20 mm back-to-back triangular CI probe maintained at a 1 mm distance above 
each cover and the holes can be considered as hidden defects buried at the depth of 2 
mm, 3 mm, 4 mm and 5 mm in the four cases. The results are shown in Figure 5.13. 
Despite of the interface between the two Perspex plates, the arrangement can be used 
as good approximations of hidden defects at different depths. It can be seen from the 
results, with the 2 mm or the 3 mm cover, the holes appeared as darker areas 
representing lower output values. With the 4 mm or the 5 mm cover, the holes 
appeared as lighter areas. And it can be seen that the contrast of the image for the 4 
mm cover case is small than the 5 mm cover case, which indicates that 3~4 mm is 
roughly the critical distance and in the regions near this critical distance (i.e. the 4 mm 
case) the CI probe is less sensitive to the permittivity change than other regions (i.e. 
the 2 mm and 5 mm cases). 
It should be emphasized that the above mentioned “critical depth” is determined 
mainly by the probe geometry, the electric properties of the specimen and the lift-off 
distance between the probe and the specimen.  
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Figure 5.13: Capacitive images of the Perspex plate, taken with the holes covered by 
another Perspex plate with thickness (a) 2 mm, (b) 3 mm, (c) 4 mm and (d) 5 mm. The 
depths of the holes are 15 mm, 11 mm, 7 mm and 3 mm from top to bottom.  
5.5 The effects of grounded substrate under dielectric specimens 
In Chapter 4, it was demonstrated by 2D FE models that the grounded substrate under 
the dielectric specimen will affect the probe responses to specimens with different 
thicknesses. These effects have been studied experimentally. The specimen was a 5 
mm thick Perspex plate with a conical hole (3 mm deep, aperture diameter 10 mm). 
The 20 mm by 10 mm back-to-back CI probe (a scaled-down version of the back-to-
back triangular probe shown in Figure 3.13(a)) was used and maintained at a 1 mm 
lift-off distance for all the scans.  The side with the hole was firstly examined. The 
Perspex plate was blocked up with a 50 mm air gap under the plate in the targeting 
area, and the resultant image is shown in Figure 5.14(a).  The Perspex plate was then 
place above a grounded substrate and the same area was scanned, as shown in Figure 
5.14(b). The hole was detected in both of cases and no significant differences can be 
observed. That is because the surface feature modulated the dominant part of the 
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probing electric field (electric field near the probe surface where the electric lines are 
more dense), and the effects of the grounded substrate became less significant. 
 
Figure 5.14: Capacitive images of the Perspex plate taken from the side with the 
cone-type hole (a) without and (b) with the grounded substrate, and taken from the 
flat side(c) without and (d) with the grounded substrate. 
The Perspex plate was then imaged from the flat side, both with and without a 
grounded substrate being in position. The resultant images are shown in Figure 5.14(c) 
and Figure 5.14(d) respectively. The effects of the grounded substrate can be noticed 
clearly. In Figure 5.14(c), the hole appeared as a darker shade surrounded by a lighter 
ring. This is because only the tip part of the cone-typed hole was situated in a region 
where the sensitivity values are positive (shown as a darker shade in the centre), 
whereas the other part of the hole was situated in a region where the sensitivity values 
are negative (shown as the lighter ring). For the case with the grounded substrate,  
Figure 5.14(d), the outer ring is smaller and brighter, and the inner darker shade is not 
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as obvious as the previous case. Such changes in the image can be explained in terms 
of probe sensitivity distributions, as the grounded substrate can drag electric lines 
towards it and change the sensitivity distribution of the CI probe. In this particular 
case, when the grounded substrate was placed under the plate, the “critical distance” 
decreased and a bigger part of the cone-type hole was situated in a region of negative 
sensitivity. 
It may seem like the grounded substrate is not particularly beneficial in the above - 
this is because the plate is relatively thin, and the defects crossed both positive and 
negative sensitivity value regions. For a deeper buried defect, where the whole defect 
is in a negative sensitivity region, the advantage of using a grounded substrate would 
be more obvious. Another scan of the thick Perspex plate with four holes shown in 
Figure 5.4 from the flat face was thus performed to demonstrate this advantage. Here, 
the grounded substrate was removed and the specimen was raised up by 50 mm. The 
resultant image is shown in Figure 5.15(a). The image obtained with grounded 
substrate added back in is included as Figure 5.15(b) for direct comparison. It can be 
seen that the contrast is much bigger when the grounded substrate is used. 
 
Figure 5.15: Capacitive images of the Perspex plate containing four flat bottomed 
holes, taken from the flat side - (a) without and (b) with the grounded substrate. The 
depths of the holes are 15 mm, 11 mm, 7 mm and 3 mm from left to right.  
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5.6 The effects of electrical conditions of conducting specimens 
As mentioned in Chapter 2, the equivalent circuit diagrams are different with the 
specimens being floating or grounded. In principle, when the CI probe is brought near 
a conductor, free electrons in the conductors are attracted (by the positive charges on 
driving electrode) to the surface near the probe. For a floating conductor, positive 
charges are repelled to the opposite surface, while for a grounded conductor the 
positive charges flow through the connection to ground and the conductor has a net 
negative charge. In practical application, the potential for errors from a floating 
specimen is when the specimen is very small or is a significant distance from any 
other grounded object (i.e. it has a small capacitance to ground). A set of experiments 
were performed to study the effects of electrical conditions of conducting specimens. 
The steel specimen shown in Figure 5.8 was examined. Firstly, it was supported on a 
30 mm thick Perspex plate so it was kept electrically isolated as a floating conductor. 
The 40 mm by 20 mm back-to-back triangular CI probe was kept at a 1 mm lift-off 
distance and scanned over the face with the four holes. The results are shown in 
Figure 5.16(a) with the intensity plot shown of the left and contour plot shown on the 
right. The four holes appeared as butterfly patterns in the plots.  
  
Figure 5.16: Capacitive images of the steel plate containing flat bottomed circular 
holes with the specimen (a) floating (b) connected to a second floating conductor and 
(c) grounded. The of depth of the holes are 2 mm, 4 mm, 6 mm and 8 mm from left to 
right. 
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A line scan along the middle line of the second hole (78th column of the image) is 
plotted in Figure 5.17(a) for a clearer view of the pattern. It is difficult to recognise 
the real shape of the targeting features (circular holes) from the resultant image, 
although the depths of the holes are related to the intensity values of the valleys and 
peaks of the butterfly patterns. 
The second scan was performed with a similar arrangement and the only difference 
was that the steel sample was connected to another piece of metal with the same 
dimension via a conducting wire. Although the two pieces of metal were both isolated 
from ground, the capacitance between the testing piece and ground was changed. The 
results are also shown in two formats in Figure 5.16(b). Compared to Figure 5.16(a), 
it can be seen from the contour plot that, the valleys were suppressed to a great extent 
(only one contour line on each side and the valley can hardly be seen from the 
intensity plot) and the real shape of the features is noticeable. The 78th column was 
again plotted in Figure 5.17(b), and the dominant feature in the line plot is the peak 
although small valleys still exist on both sides of the peak. The third scan was 
performed with the steel sample explicitly grounded. The results are shown in two 
formats in Figure 5.16(c). Compared to Figure 5.16(a) and (b), it can be seen from the 
contour plot that, the valleys were suppressed completely (no contour lines on either 
side of the peak). The 78th column was again plotted in Figure 5.17(c), and it can be 
seen that the extended lines on both side of the peak are flat. 
 
Figure 5.17: Line plots along the centre of the middle hole with the specimen (a) 
floating (b) connected to a second floating conductor and (c) grounded. 
For floating conductors, uncertainties were evident. It can be seen from the two line 
scans in Figure 5.17(a) and (b) that the shapes of the line (especially the valleys on 
both sides of the peak) vary. Connection to a second floating conductor changed the 
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capacitance between the targeting specimen and the ground. This change could also 
be achieved by many other situations, such as a nearby ground potential. In addition, 
the floating conductor can sometimes work as an antenna and make the measurement 
easily disturbed by ambient electric field. Therefore, for conducting specimen 
inspections, it is preferable that the specimen is grounded. 
5.7 The effects of CI probe geometries 
The experiment on the floating steel sample was repeated using a point-to-point 
triangular CI probe (shown in Figure 3.13(b)) with other arrangements remained 
unchanged and the results are shown in Figure 5.18. Compared to Figure 5.16(a), the 
butterfly patterns are different from the ones obtained from the back-to-back CI probe, 
suggesting a significant influence of probe geometry on resultant images. 
 
Figure 5.18: Capacitive image of the steel plate containing flat bottomed circular 
holes obtained by the point-to-point triangular probe with the specimen floating. The 
depth of the holes are 2 mm, 4 mm, 6 mm and 8 mm from left to right. 
The effects of probe geometry on obtained images were then studied systematically. 
The first sample examined was the Perspex plate shown in Figure 5.4. The face with 
four holes was scanned by the back-to-back triangular probe (shown in Figure 
3.13(a)), the point-to-point triangular probe (shown in Figure 3.13(b)) and the 
concentric probe (shown in Figure 3.15). The scans were 40 mm by 200 mm, and the 
CI probes were maintained to be 1 mm off the surface. The images are shown in 
Figure 5.19(a), (b) and (c) respectively, and the probe orientations relative to the 
corresponding images are also indicated. The three probes responded to the same 
feature differently. With the same sensing area, the results from the back-to-back 
probe and the point-to-point probe can be compared directly. In Figure 5.19(a), the 
darker areas look sharper and are closer in size to the actual holes, while in Figure 
5.19(b), the darker areas seem elongated along the long symmetry axis of the probe. 
For the concentric probe, the holes were detected but the shape of the feature is not 
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recognisable, because the sensing area of the concentric probe is bigger than the 
symmetric ones, and as a result a bigger area than the targeting features was sampled 
for each scan step. It is also worth mentioning that, the images obtained from the 
concentric probe with the inner disc as the driving electrode and the outer ring as the 
driving electrode were identical. 
 
 
Figure 5.19: Capacitive images of the Perspex plate, obtained from (a) the back-to-
back triangular CI probe (b) the point-to-point triangular CI probe and (c) the 
concentric CI probe. The depths of the holes are 15 mm, 11 mm, 7 mm and 3 mm from 
right to left (The size and position of the holes were highlighted).  
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The second sample was the aluminium plate shown in Figure 5.6. The face with four 
holes was scanned by the back-to-back triangular probe, the point-to-point triangular 
probe and the concentric probe. The scans were 40 mm by 200 mm, and the CI probes 
were maintained to be 1 mm off the surface. During this set of scans, the aluminium 
plate was grounded. The images are shown in Figure 5.20(a), (b) and (c) respectively, 
and the probe orientations relative to the corresponding images are also indicated. 
Again, the three probes responded to the same feature on a grounded conducting 
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specimen differently. In Figure 5.20(b), the lighter areas look sharper in and are closer 
in size to the actual holes, while in Figure 5.20(a), the light areas seem elongated 
along the short symmetry axis of the probe. It is interesting to note that for the 
concentric probe, the presence of the holes were detected but as darker discs 
surrounded by lighter rings, and the depth information can be obtained from the 
different intensity contrasts of the patterns. 
 
Figure 5.20: Capacitive images of the aluminium plate, obtained from (a) the back-
to-back triangular CI probe (b) the point-to-point triangular CI probe and (c) the 
concentric CI probe. The depths of the holes are 2 mm, 4 mm, 6 mm and 8 mm from 
left to right (The size and position of the holes were highlighted). 
The results obtained using the back-to-back triangular probe and point-to-point 
triangular probe demonstrated that one of the conclusions obtained from FE models in 
chapter 4 was verified experimentally - that the back-to-back triangular probe is 
advantageous on dielectric specimens and point-to-point triangular probe is 
advantageous on conducting specimens. It is also worth noting that the two symmetric 
probes are directional in the above mentioned scans as the square holes were 
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elongated along one of the symmetry axes of the probes, which suggests that when 
imaging narrow grooves or cracks a symmetric probe would respond differently with 
the short symmetry axis being parallel or perpendicular with the targeting feature. 
Another variable that might affect image resolution is the size of the electrodes. Thus, 
the same Perspex plate shown in Figure 5.4 was scanned with two back-to-back 
triangular probes with different sizes. The results are shown in Figure 5.21. As 
expected, the larger probe size caused the image resolution to decrease, because of 
spatial averaging across the probe aperture. 
 
Figure 5.21: Capacitive scan images obtained of the Perspex sample from back-to-
back triangular electrodes of size (a) 40 mm by 20 mm and (b) 20 mm by 10mm. The 
depths of the holes are 15 mm, 11 mm, 7 mm and 3 mm from left to right. 
5.8 The effects of lift-off distance  
The effects of lift-off distance were now examined for the Perspex plate shown in 
Figure 5.4, with the 40 mm by 200 mm scans above the surface being performed at 
distances of 1 mm, 3 mm, 5 mm and 7 mm in air. The results are shown in Figure 5.22. 
It is evident that, as expected, the resolution of the image decreases as the capacitive 
electrode is moved further away from the sample surface. Note that, for the image 
obtained with a 7 mm air gap, the holes were detected and appeared as lighter areas in 
the image. This is caused by the negative sensitivity values at this distance. 
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Figure 5.22: Capacitive images of the Perspex plate, taken at stand-off distances of (a) 
1 mm, (b) 3 mm, (c) 5 mm and (d) 7 mm. The scan was performed at the surface 
containing the flat-bottomed holes. 
The lift-off experiments were also performed on the steel sample shown in Figure 5.8. 
In this case, measurements were taken at distances of 1 mm, 3 mm, 5 mm, 7 mm, 9 
mm, 11 mm and 13 mm in air. The resultant images obtained with the steel plate 
electrically grounded, are shown in Figure 5.23, and again indicate that the resolution 
is better at closer distances to the sample. The experiments were then repeated with 
the steel sample being floating, and the results are shown in Figure 5.24. Now, as 
expected with a floating conductor, some interesting features appear, involving 
changes in spatial shape. Thus, for instance, a butterfly pattern is seen when the lift-
off distance is less than 5 mm. At a larger stand-off distance of 5 mm, as shown in 
Figure 5.24(c), the circular shape is shown and signal over the hole is decreasing with 
the increasing lift-offs.  It is worth noting that, for the two sets of experiments on a 
conducting specimen, even for a 13 mm air gap, the holes on the surface are still 
detected as lighter areas (increased signal over the holes) indicating that in such cases 
the sensitivity values are positive at a 13 mm lift-off - a bigger value than in Perspex. 
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Figure 5.23: Capacitive images of the steel  plate(grounded), taken at stand-off 
distances of (a) 1 mm, (b) 3 mm, (c) 5 mm, (d) 7 mm, (e) 9 mm, (f) 11 mm, and (g) 13 
mm. The scan was performed at the surface containing the flat-bottomed holes. 
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Figure 5.24: Capacitive images of the steel  plate(floating), taken at stand-off 
distances of (a) 1 mm, (b) 3 mm, (c) 5 mm, (d) 7 mm, (e) 9 mm, (f) 11 mm, and (g) 13 
mm. The scan was performed at the surface containing the flat-bottomed holes. 
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5.9 Imaging surface features on metal through insulation 
The lift-off experiments on metals provided indications that the CI technique is 
capable of detecting surface features on metal through a significant air gap. In practice, 
the targeting surface features (e.g., corrosion, pitting) are sometimes hidden under an 
insulation layer. It was thus thought interesting to embark on a study of how well 
capacitive imaging could detect the surface features through insulation. 
A capacitive imaging scan was performed over a 200 mm by 40 mm scan area on the 
aluminium sample (shown in Figure 5.6), with the probe assembly maintained at a 
constant air gap of 6 mm from the surface containing the holes. The aluminium plate 
was kept grounded during the scan. The resultant image is shown in Figure 5.25(a). 
The holes are clearly imaged and the depth of hole is related to the intensity of the 
image, as in the previous cases. The scan was then repeated with the surface coated 
with a 5 mm layer of insulating foam, and there was a 1 mm lift-off between the probe 
and the foam. Note now that the resolution of the image has decreased, because of the 
presence of the foam, but the holes were still detected, with again the detected 
amplitude being a function of hole depth. This gives encouragement for the detection 
of surface features in metals under coatings of insulation.   
 
Figure 5.25: Capacitive images of the aluminium plate containing flat bottomed holes 
of depth (from left to right) 8 mm, 6 mm, 4 mm and 2 mm. (a) Image obtained for a 6 
mm air gap between electrodes and the surface, and (b) result with a 5mm layer of 
insulating foam between the electrodes and the metal surface. 
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Further experiments were carried out to explore the ability of CI technique on imaging 
surface features on metal through insulation. A piece of high density extruded 
polystyrene (Styrofoam®, relative permittivity value εr= 2.5) was machined into a 
plate with stepped thickness (10 mm, 15 mm, 20 mm and 25 mm) as demonstrated in 
Figure 5.26(a). The polystyrene plate was placed above the same aluminium plate 
used in the previous experiments as shown in Figure 5.26(b), to simulate different 
thickness of insulation coating. Only the 2mm deep hole in the aluminium sample was 
covered by the plate and examined in this case. 4 line scans were performed over the 
2mm deep hole with the thickness of the polystyrene plate changing from 10 mm to 
25 mm in turn, and the scan direction is indicated by the arrows, as shown in Figure 
5.26(b). The results (line scans of 50 points each) were obtained using the 40 mm by 
20mm back-to-back triangular probe with a minimal stand-off between the probe and 
the polystyrene plate. All the four results were obtained with the aluminium sample 
grounded. 
10 mm
15 mm
20 mm
25 mm
10 mm
15 mm
25 mm
20 mm
Scan direction
(a) (b)  
Figure 5.26: Schematic diagram of (a) a high density extruded polystyrene plate with 
stepped thickness and (b) sample assembly and scan direction (cross-section view). 
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The results are presented in Figure 5.27 with the same scale. It can be seen that each 
of the four results has a bump in the middle, indicating the successful detection of the 
hole through the insulation coating of different thicknesses. Comparing the four plots, 
it can be seen that the height of the bump drops and the width of the bump increases 
while the coating thickness increases, which suggests an image with lower resolution 
could be formed by performing a 2D scan. The fact that the 40 mm by 20 mm back-
to-back triangular probe could be used to detect surface feature through a 25mm thick 
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insulation coating indicates the capacitive imaging probe is sensitive to the surface 
contours on a metal sample even if measured from a big lift-off distance and/or with a 
thick insulation layer between the probe and metal surface.  
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Figure 5.27: Line scan plots with the machined hole covered by different thicknesses 
of the polystyrene plate (a) 10mm (b) 15mm (c) 20 mm and (d) 25 mm. 
5.10 Imaging defects of smaller size compared to the CI probe 
The above mentioned parameters that can affect the imaging results were studied from 
the experiments in which the targeting features are comparable in size with the CI 
probes. It is thus worth investigating the way CI probes responding to features much 
smaller than their sizes. Experiments were performed to study the probe response to 
features of smaller size compared to the sensing areas of the CI probes. The CI probes 
with back-to-back triangular electrodes were used in these experiments.  
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The first sample was a 25 mm thick Perspex plate. The plate contains six 15 mm deep 
circular holes of different diameters (ranging from 1-3.5 mm). The 40 mm by 20 mm 
back-to-back triangular CI probe and the 20 by 10 mm back-to-back triangular CI 
probe were each scanned over the surface containing the holes with the probes 
maintained at 1 mm lift-off. The results are shown in Figure 5.28.  And the areas for 
the thinnest hole (highlighted by the dashed boxes in the images) were enlarged as 
contour plots. The orientation of the probes relative to the images is also indicated. As 
expected, the bigger probe has a higher degree of spreading of the holes. And from the 
enlarged contours plots, it can be seen that the thinnest hole is shown clearly in the 
image obtained by the smaller probe while it only appeared as protuberances of the 
contour lines in the image obtained by the bigger probe.  
It is also worth noting from the results, especially from the results obtained from the 
40 mm by 20 mm probe, shown in Figure 5.28(a), the images of the holes were 
elongated along the short axis of symmetry of the probe to approximately 10 mm (half 
length of the triangle’s back). While along the long axis of symmetry, the images 
were spread to approximately 4 mm (the distance separating the parallel adjacent 
edges of the triangles). This provided an indication of the imaging resolutions in both 
directions of the back-to-back triangular CI probe on non-conducting specimens. 
 
Figure 5.28: Capacitive images obtained of the Perspex sample with thin holes, using 
back-to-back triangular probes of size (a) 40 mm by 20 mm and (b) 20 mm by 10mm. 
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The area highlighted by a circle in Figure 5.28(a), an image of the 3 mm diameter 
hole, was now studied in more detail. The results obtained from this selected area can 
be considered as essentially the sensitivity distribution, as it is almost the same 
process as was used in deriving the equations for sensitivity distribution in Chapter 4. 
The only difference is that, in the model, the perturbation is of higher permittivity 
value than its ambient material, while in the experiment the perturbation is air which 
has a lower permittivity value than Perspex. To make a direct comparison, the effect 
of perturbation with lower permittivity was reversed. The results are shown in Figure 
5.29(a) as an intensity plot (left) and as a 3D plot (right). These results are in good 
agreement with the results from the FE models, shown in Figure 5.29(b).  
 
Figure 5.29: (a) The capacitive image of a hole (3 mm in diameter) on a Perspex 
plate and (b) the calculated sensitivity distribution. 
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A second sample was now studied in the form of a 20 mm thick aluminium plate with 
a 15 mm deep, 3 mm diameter hole drilled into the surface. The 40 mm by 20 mm 
back-to-back triangular probe was scanned over a 40 mm by 20 mm area, at a lift-off 
distance of 1 mm. The scan was repeated three times with the aluminium plate 
electrically floating, connecting to another floating metal object via a conducting wire 
and grounded. The resultant images are shown in Figure 5.30. As expected, the probe 
responded differently with different conditions of the aluminium sample. The hole on 
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the floating conductor produced an image in which the two metal electrodes of the 
probe can be recognized, as shown in Figure 5.30(a). This explains why the square 
holes on the floating aluminium appeared as butterfly patterns in capacitive images 
and why the patterns are different when obtained from back-to-back or point-to-point 
triangular probes. A similar result was obtained on connection to another floating 
metal, but the dark triangular areas in the image that represented the electrodes were 
less clear, as shown in Figure 5.30(b). 
 
Figure 5.30: Capacitive images of a hole (3 mm in diameter) on an aluminium plate 
with the plate (a) floating (b) connected to a second floating conductor and (c) 
grounded. 
In the case of the grounded plate, Figure 5.30(c), the dominant feature in the image is 
the lighter strip. Again, this corresponded to the sensitivity distribution of the back-to-
back triangular probe in the plane 1 mm below the probe surface.  The result shown in 
Figure 5.30(c) is in good agreement with the result obtained earlier from FE models 
(shown in Figure 4.38(c)). 
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Encouraged by the results from small holes in the Perspex and aluminium plates, a 
second set of experiments was performed. This time, instead of using air filled holes 
as perturbations, thin testing rods were used, aiming to measure the sensitivity 
distribution of the CI probe by introducing perturbations with higher permittivity or 
conductivity values. The first testing rod was a Perspex rod (15 mm long and 3 mm in 
diameter). The 40 mm by 20 mm back-to-back triangular probe was scanned over a 30 
mm by 60 mm area in a plane 1 mm off the tip of the rod. And the result is presented 
as an intensity plot and a contour plot in Figure 5.31. The probe orientation relative to 
the image is also indicated in the intensity plot.  It can be seen that the rod was 
detected as an elliptical pattern with high intensity values. 
 
(a)                                                                (b) 
Figure 5.31: The capacitive image of a Perspex rod. (a) Intensity plot and (b) contour 
plot. 
The second testing rod was a steel rod (15 mm long and 3 mm in diameter). The 40 
mm by 20 mm back-to-back triangular probe was scanned over a 30 mm by 60 mm 
area in a plane 1 mm off the tip of the rod. The scan was performed twice, firstly with 
the steel rod being grounded and then floating. The results are shown in Figure 5.30 
and as expected the probe responded differently for the two cases. The grounded rod 
appeared as a circular pattern with low intensity values, and the inner few contour 
lines were elliptical as in the Perspex case, as shown in figure 5.32(a). The floating 
rod also appeared as an elliptical pattern as in the Perspex case, but with low intensity 
values and a higher slope gradient (the contour lines are denser), in addition there 
were brighter areas on both sides of the darker shade as indicated more clearly by the 
outer few contour lines protruding towards the middle, as shown in Figure 5.32(b). 
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Figure 5.32: Capacitive image of a Steel rod with the rod: (a) grounded and (b) 
floating. 
With the same dimension as the air filled holes in the Perspex and aluminium plates, 
the results obtained from the testing rods are not as well-defined as the ones from the 
holes. The explanation is that the whole length of the rods took part in the 
measurements and the sensitivity distributions in different planes were superposed 
together, while for the holes, only the apertures were effective in the scans. This 
explanation suggests that the CI probes are less sensitive to the depth information for 
smaller holes/cracks. This is experimentally confirmed by imaging an aluminium 
plate with 4 narrow cracks (1mm wide) of different depths (10 mm, 15 mm, 20 mm 
and 25 mm). The 20 mm by 10 mm back-to-back triangular probe was scanned over a 
20 mm by 180 mm area in a plane 1 mm above the plate. The plate was grounded 
during the scan.  
The results are shown in Figure 5.33. The four cracks were detected as four lighter 
strips in the intensity plot (Figure 5.31(a)) but the depth information cannot be 
obtained as can be seen from the 3D plot (Figure 5.31(b)) that the four bumps are of 
similar height. 
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Figure 5.33: Capacitive images of the aluminium plate containing four narrow cracks. 
(a) Intensity plot and (b) 3D plot. 
It will be evident from the above experiments that if a targeting feature is larger than 
the CI probe, the image obtained by the probe will be a good representation of the 
defect. However, if the dimensions of the features of interest are smaller than the 
probe, the resultant image of the feature is not only spread out, but its shape is 
transformed by the spatial variation of the sensitivity distribution of the CI probe.  
To help understanding this, it is appropriate to bring in the concept of “point spread 
function (PSF)”. For an imaging system, the PSF describes the response of the system 
to a point source or object, and the degree of spreading of the point object is a 
measure for the quality of the system. For an optical imaging system, if the PSF is 
available, the quality of an image can be significantly improved by digital 
deconvolution with the (two-dimensional) point spread function (PSF) of the imaging 
system [2]. From the discussions in Chapter 4 and the results show in this section, it 
can be concluded that the calculated sensitivity distribution of a given CI probe can be 
regarded as the PSF of the CI system. However, it is more complicated to process 
capacitive images compared to optical ones. The reasons are two-fold. Firstly, the PSF 
(sensitivity distribution) for a given CI probe varies with different specimens and 
different testing conditions; also, the sensitivity distributions of the CI probes and the 
targeting features are both in 3D. Therefore, more than one PSF (sensitivity 
distributions in different planes), or a 3D deconvolution, may be required.  
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One practical way round this, when imaging features much smaller than the size of the 
overall sensing area, is to perform the scan twice with the probe in orthogonal 
alignment; a final image can then be obtained by combining the two results from the 
two scans with a thresholding algorithm. Note that, this method is applicable to any 
CI scans using symmetric CI probes, depending on the different requirements, but is 
not suitable for concentric probe designs. 
5.11 Discussions and conclusions  
In this chapter, the validity of the CI technique has been assessed in detail and 
parameter studies have also been performed to investigate their effects on the resultant 
capacitive images. 
An extensive range of experiments were successfully conducted on various specimens 
under different conditions using different CI probes. The results of experiments on 
Perspex, steel, aluminium and carbon fibre composite plates containing machined flat-
bottomed holes of various depths gave an indication of the response of the CI 
approach. In the cases of surface features on both conducting and non conducting 
specimens, very good surface information was obtained, indicating that the depth of 
the hole could possibly be determined from such scans. The detection of hidden 
defects buried at different depths in dielectric specimens was also demonstrated and 
the results indicated that extra attentions are needed as the hidden defects maybe 
situated in a negative sensitivity region.  
The effects of a grounded substrate on the capacitive images obtained from dielectric 
specimens were studied. It is also evident that the electrical condition of the 
conducting specimen can change the capacitive images of the surface features 
dramatically. CI probes with different geometries were scanned over same specimens 
to investigate the effects of the probe geometries on capacitive images. In addition, 
scans with different probe lift-off distances were performed both on a Perspex plate 
and a steel plate, and the results indicated that a higher resolution image could be 
obtained with smaller lift-off distances. Surface features on conducting specimens 
were successfully detected through an insulating covering. This is interesting, as it 
indicates that the technique may be useful for detecting the presence of pitting caused 
by corrosion under insulation (CUI). Specimens with smaller defects were scanned, 
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such scans can be considered as measuring the sensitivity distributions and some of 
the results are in good agreement with the calculated sensitivity distributions.   
On the basis of these results, capacitive imaging would have some specific advantages 
and benefits if applied to industry. Work has thus been performed to investigate 
applications of industrial interest (such as corrosion under insulators (CUI), damage in 
some foam-cored composites, etc.) which are difficult to test with ultrasound due to 
excessive scattering and attenuation. These are the subject of Chapter 6. 
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6.1 Summary 
The parameter studies in Chapter 5 have provided an assessment of the practicality of 
the CI technique. In Sections 6.2 to 6.6 that follow, the CI technique is used as an 
NDE tool to investigate various samples of industrial interest, including glass fibre 
laminated composites and sandwich structures, laminated carbon fibre composites, 
corroded steel plate and other pipework. Section 6.7 then describes a set of 
preliminary experiments to image buried objects (both conducting and non-
conducting) using the CI technique. 
6.2 Inspection of laminated glass fibre composites 
An increasing amount of glass fibre composite material is being used in aerospace, 
automotive, architectural and other industrial applications, such as rotor blades of 
wind-powered devices, radar domes, helmets, pipes, tanks, etc. This is because of 
their light weight, high strength and excellent corrosion resistance properties. 
Although the applications of these kinds of composite materials are becoming more 
extensive, the use of such materials may be accompanied by various types of damage, 
including foreign material inclusions, delaminations caused by impact or 
manufacturing imperfections, fibre rupture and cracks. These types of damage can 
substantially reduce the buckling load capacity and the stiffness, which influence the 
structure’s overall performances [1, 2]. The damage caused by impact etc is often 
either not visible, or is barely visible, to the naked eye, with significant sub-surface 
damage being present. Therefore, non-destructive evaluation (NDE) techniques for 
the inspection of these composite materials are required. 
Because of the inhomogeneity of composite structures, finding defects in such 
materials is a challenging task, and many damage detection techniques have been 
developed to detect defects in composite materials, such as radiography techniques [3-
5], ultrasonic scans [6-8], and thermography [9, 10]. In addition, several other 
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techniques, including using microwave [11], and Terahertz (THz) imaging [12], have 
also been reported.  
For glass fibre composites, in spite of the inhomogeneity caused by the innumerable 
inclusions in filament form and boundary surfaces, the material as a whole is a non-
conducting structure, and the presence of damage in the laminated composite plate 
leads to changes in its dielectric properties. It has been demonstrated in previous 
chapters that the CI technique is sensitive to such changes, indicating that monitoring 
the structural integrity of laminated glass fibre composite is a promising application of 
the CI technique. Research based on capacitance measurements on laminated glass 
fibre composites for NDE purposes, referred as dielectrometry sensing, is reported 
elsewhere [1] to detect the presence of delaminations simulated by pre-fabricated slots, 
but not for imaging applications. 
Experiments were conducted on glass fibre composite samples and the experimental 
arrangement shown earlier in Figure 2.14 was used, with the back-to-back triangular 
electrodes being scanned over the surface of the composite. The first sample, provided 
by AIRBUS, was a 2 mm thick laminated glass fibre composite, with a crack (roughly 
10 mm long) in the centre, as shown in Figure 6.1. The crack was initiated by external 
load and the crack area was relatively flat on one side, as shown Figure 6.1(a). The 
crack was extended through the thickness to the other side of the composite and 
caused delaminations, as can be seen from Figure 6.1(b). Note that, although damage 
was visible on the surface, sub-surface damage still needed to be quantified. 
 
Figure 6.1: Photographs of the AIRBUS glass fibre sample. (a) Face A, (b) Face B. 
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A 20 mm by 10 mm back-to-back triangular CI probe was used at a 1 mm stand-off 
distance, and the sample placed on a grounded substrate. A 60 mm by 40 mm area, as 
indicated by the dashed line, was scanned at 1 mm intervals over the surface, with the 
orientation of the CI probe as illustrated in Figure 6.1(a). The scan was taken from the 
relatively flat surface, shown in Figure 6.1(a), and the results are shown in Figure 6.2. 
It can be seen from Figure 6.2 that the extent of delamination within the composite 
was successfully detected as the darker areas.  
 
Figure 6.2: Two representations of the capacitive imaging scan of the Airbus glass 
fibre sample. (a) Intensity plot and (b) contour plot. 
The second sample investigated was a 5 mm thick EXTREN® pultruded glass-fibre 
reinforced polymer composite. The specimen was damaged by an impactor with a 
hemispherical nose. The impact energy was 16 Joules and the impact position is 
indicated by the red dot (on Face A) shown in Figure 6.3(a). The impact caused 
internal damage to the panel and the damage extended to Face B, as can be seen from 
the other side of the panel (Face B) shown in Figure 6.3(b).  
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Figure 6.3: Photographs of the pultruded glass-fibre reinforced polymer composite 
with impact damage. (a) Face A and (b) Face B. 
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The 20 mm by 10 mm back-to-back triangular CI probe was again held 1 mm off the 
sample surface and a 60 mm by 40 mm area, as indicated by the dashed line, and 
again scanned over the surface (the orientation of the CI probe is also illustrated in 
Figure 6.3(a)). The scan was taken from the surface where the impact was applied (as 
shown in Figure 6.3(a)) and the results are shown in Figure 6.4. It can be seen from 
Figure 6.4 that the damage extended under the surface, and was successfully detected 
as the darker areas shown in the plots.  
 
Figure 6.4: Two representations of the capacitive imaging scan of the glass fibre 
sample with impact damage. (a) Intensity plot and (b) contour plot. 
6.3 Inspection of glass fibre sandwich structures 
In addition to the solid laminated glass fibre composites, bonded sandwich structures 
are another category of advanced composite materials and have a wide range of 
applications in the aviation, marine and sports industries. A sandwich structure 
consists of three main parts: two faces of thin, strong, stiff and relatively dense 
material (generally called skin faces) separated by a thick core material with low 
density. Skin faces may consist of metal sheets or of composite materials laminates. 
The most common used core materials are honeycomb cores and  polymer foam cores 
[13]. Due to both differences between sandwich structure components properties and 
the complexity of the manufacturing process of a sandwich construction, detection of 
defects can be challenging. Defects of interest within such sandwich structures 
include core-to-face sheet disband and damage in the face sheets and cores. Beyond 
visual inspection and manual tap tests, many NDE techniques have been studied to 
assess the sandwich structure, including ultrasonics [14-16], thermography [13, 17], 
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acoustic emission [18], and radiography [19]. All the technique mentioned above are 
reported to be capable of detecting defects in the sandwich structure, although some 
of them possess limitations. For instance, in the ultrasound techniques, the received 
signal is usually greatly attenuated and in the contact approaches the couplant may 
contaminate the perforated face sheets. 
The CI technique has thus been applied to the inspections of the sandwich structures. 
Note that, due to the capacitive nature of the technique, the probing electric field will 
not penetrate well through conducting faces (such as those made from aluminium and 
carbon fibre). Therefore, the CI technique is only applicable to the sandwich 
structures with non-conducting face sheets (usually glass fibre). 
The first sandwich structure investigated was provided by HEXCEL. The sandwich 
structure was fabricated with PVC foam core and glass fibre sheet faces. Face A was 
1 mm thick glass fibre laminates covered with 0.5 mm coating as shown in Figure 
6.5(a). Face B was 3 mm thick glass fibre laminates, as shown in Figure 6.5(c). The 
thickest part of the foam core was 20 mm as shown in Figure 6.5(b).  Four artificial 
defects were introduced during fabrication in the highlighted area of Figure 6.5(a). 
 
Figure 6.5: Photographs of the HEXCEL foam core sandwich structure. (a) Top 
view-Face A, (b) side view, and (c) bottom view-Face B. 
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The relative positions of the defects from a top view are shown schematically in 
Figure 6.6(a). Defects 1 and 4 were two flat bottomed holes drilled from Face B, 
which are visible from Face B, as shown in Figure 6.5(c). Defect 1 was 12 mm in 
diameter and was drilled through Face B and the foam core, so that the bottom of the 
hole was approximately 1.5 mm from the white surface. Defect 4 was 6 mm in 
diameter and was drilled through Face B and half way through the foam core, so that 
the bottom of the hole is approximately 11.5 mm from the white surface. Defect 2 and 
3 were two identical cylindrical voids within the foam core. The base of the 
cylindrical void was 6 mm in diameter, and the height of the cylinder was 5 mm. 
Defect 2 was located 3 mm below Face A (4.5 mm from the white surface) and Defect 
3 was 3 mm above Face B (11.5 mm from Face A). The relative positions of the 
defects in a projection view from a cross section indicated by the dashed line shown in 
Figure 6.6 (a) are schematically shown in Figure 6.6 (b). 
 
Figure 6.6: Schematic diagrams of the relative positions of the defects. (a) Top view 
and (b) projection view from the cross section. 
The 40 mm by 20 mm back to back triangular CI probe was scanned over the white 
surface (Face A). Due to the uneven surface, the spring loaded handle was used to 
ensure an intimate contact with the surface. The resultant images are shown in Figure 
6.7. It can be seen that Defects 1 and 2 were successfully detected as lighter areas 
shown in the intensity plot. Defects 3 and 4 were not detected, because they were  
buried beyond the penetration depth of the CI probe employed, penetration being 
adversely affected by the multilayer structure of the sandwich panel. 
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Figure 6.7: Two representations of the capacitive imaging scan of the form core 
sandwich structure. (a) Intensity plot and (b) contour plot. 
A second set of experiments was designed to demonstrate the feasibility of the CI 
technique for the inspection of sandwich structures with a honeycomb core. A piece 
of 0.5 mm thick glass fibre composite panel was placed on top of a piece of 
aluminium honeycomb structure, shown in Figure 6.8, to simulate the glass fibre 
sandwich structure with aluminium honeycomb core. The honeycomb structure was 
15 mm thick, the cell size was 6.4 mm and the cell wall was 0.7 mm thick. 
 
Figure 6.8: (a) Photograph of the aluminium honeycomb structure and (b) schematic 
diagram of the simulated glass fibre sandwich structure with an aluminium 
honeycomb core. 
Given the size of the cell, a smaller version of the back-to-back triangular CI probe, 
10 mm by 5 mm in this case, was used. The CI probe was kept at a minimal lift-off 
distance during the scan. The scan was 40 mm by 30 mm with a step size of 0.5 mm. 
The results are shown in Figure 6.9. It can be seen that the honeycomb structure is 
clearly imaged. It is worth mentioning that this result is a proof-of-concept as the 
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specimen was prepared in the favour of demonstrating the feasibility of the CI 
technique - the cell wall is relatively thick and the simulated glass fibre face is thin. In 
practice, the cell wall of the aluminium core is usually very thin (less than 0.1 mm) 
and sometimes the cell size is small compared to the thickness of the glass fibre face 
sheets. However, the image demonstrates that such measurements are possible. 
Fortunately, in many cases, the structural failures usually occur in more than one cell - 
hence, the failures are sometimes detectable even in smaller diameter honeycomb 
patters where individual cells may not be imaged properly. 
 
Figure 6.9: Two representations of the capacitive imaging of the aluminium 
honeycomb structure. (a) Intensity plot and (b) contour plot. 
An experiment was also conducted to detect structural failures in the aluminium 
honeycomb structure. The aluminium honeycomb structure used in this experiment 
was 15 mm thick. The cell size was 3.2 mm and the cell wall was 0.07 mm thick. A 
folding failure was introduced on the top surface of the honeycomb structure, as 
shown in Figure 6.10. The aluminium honeycomb structure was covered by a 0.5 mm 
glass fibre composite to simulate the face sheet and a CI scan was performed with the 
10 mm by 5 mm back-to-back triangular probe. The results are shown in Figure 6.11. 
It can be seen that the honeycomb structure is not recognizable from the resultant 
image due to the small cell size and thin cell wall. The folding failure was 
successfully detected though, appearing as a lighter area in the image. 
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Figure 6.10: Photograph of the aluminium honeycomb with folding failure covered by 
glass fibre composite. 
 
 
Figure 6.11: Two representations of the capacitive imaging scan of the simulated 
sandwich structure with folding structure in the aluminium core. (a) Intensity plot and 
(b) contour plot. 
A further experiment was conducted using the same aluminium core as the previous 
experiment. This time, some of the cells were filled with oil and water, as shown in 
Figure 6.12. It can be seen from Figure 6.12 that nine cells were filled with oil and 
fifteen cells were filled with water. The honeycomb core was then covered by a 1 mm 
thick glass fibre composite to simulate the face sheet and a CI scan was performed 
with the 10 mm by 5 mm back-to-back triangular probe. This setting is an 
approximation to the problem of water/oil intrusion into the sandwich structures. 
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Figure 6.12: Photograph of the aluminium honeycomb with some of the cells filled 
with oil and water. 
The results are shown in Figure 6.13. The honeycomb structure is not directly imaged 
due to the small cell size and thin cell wall compared to the electrode size, but the 
cells filled with fluid were successfully detected with the oil intrusion appearing as a 
darker area and the water intrusion appearing as a lighter area in the image. Although 
such a measurement could be made using X-ray and through transmission ultrasound 
[20], CI is a useful additional technique for finding such fluid intrusion, without the 
need for contact or contamination, and can be achieved from one surface.  
 
Figure 6.13: Two representations of the capacitive imaging scan of the simulated 
sandwich structure with oil and water in the aluminium core. (a) Intensity plot and (b) 
contour plot. 
The CI technique was now applied to an industrial sample in the form of a panel, 
provided by AIRBUS, as shown in Figure 6.14. The panel was a sandwich structure 
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containing both glass fibre and carbon fibre face sheets. The details of the materials 
and lay up are shown in Figure 6.15. 
 
Figure 6.14: Photograph of the AIRBUS panel. 
 
Figure 6.15: Materials and lay up of the AIRBUS panel. 
Defects were also introduced during fabrication. Details and distributions of the 
defects are shown in Figure 6.16. 
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Figure 6.16: Schematic diagram of the distributions of defects in the AIRBUS panel. 
The 40 mm by 20 mm back-to-back triangular CI probe was scanned over a 450 mm 
by 260 mm area, from the glass fibre side of the panel, and the results are shown in 
Figure 6.17. The results from File C (the location of which is shown in Figure 6.16 
above) are plotted separately in Figure 6.18, as they are not very obvious in Figure 
6.15 due to the image contrast. It is evident that the features have been identified, and 
that certain defects are more easily detected than others. Comparison of the results 
obtained from defects filled with adhesive (Files A, B and C), the contrast was seen to 
decrease as the percentage of the filled adhesive increased. This is because the 
permittivity value of the adhesive (~2.3) is similar to the Nomex core (~2.6). For 
defects filled with water (File D), the defects filled with more water (columns 1 and 4) 
are less obvious than the ones with less water (columns 2, 3 and 6).  
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Figure 6.17: Two representations of the capacitive imaging scan of the AIRBUS 
panel with defects. (a) Intensity plot and (b) contour plot. 
 
 
Figure 6.18: Replot of the capacitive imaging scan along file C on the AIRBUS panel 
in two representations. (a) Intensity plot and (b) contour plot. 
It is worth mentioning that, in this section, only the inspection of core damage in a 
sandwich structure has been demonstrated, and the ability to non-destructively detect 
the core-to-face disbond will be studied in future work. 
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6.4 Inspection of carbon fibre composites 
Carbon fibre composite materials also have wide applications in industry because of 
its high strength-to-weight ratio. Presently, there are various NDE methods that could 
be used for the assessment of the damage on carbon fibre composite. Most NDE 
techniques applicable to glass fibre composite materials, such as ultrasonics [6, 21], 
X-Ray [22] and thermography [23, 24], can be used to carbon fibre composite 
materials. In addition, many techniques relying on the electrical conductive 
characteristics of carbon fibres have also been studied, including eddy current [25], 
resistance measurement [26], and non-contact electric potential measurement [27]. 
As has been detailed in earlier chapters, the probing electric field from the CI probes 
cannot penetrate through significant thicknesses of carbon fibre composites due to the 
high electrical conductivity of the carbon fibres. Thus, in this case, the CI technique is 
most sensitive to surface features, as was observed in the inspection of metals.  
The CI probe responses to surface features on carbon fibre composite samples are 
studied here. The first sample studied was a 5 mm thick laminated carbon fibre 
composite panel with damage initiated from one side (Face A), shown in Figure 
6.19(a), and extended to the other side (face B), shown in Figure 6.19(b). The 20 mm 
by 10 mm back-to-back triangular probe was scanned over the highlighted area (60 
mm by 50 mm) 1mm above Face B.  
 
Figure 6.19: Photographs of the carbon fibre composite with impact damage. (a) 
Front face (Face A) with the impact and (b) reverse face (Face B). 
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The results are shown in Figure 6.20. The extent of the impact damage was clearly 
imaged. Although the CI technique is less sensitive to sub-surface features, it still 
detects an area of damage. This is probably due partially to lift-off distance changes 
caused by the presence of impact damage, but there may also be a small contribution 
from the change in conductivity across a large area cause by damaged fibred due to 
impact. A scan using an air-coupled ultrasound transducer pair in through- 
transmission mode was also conducted on the same sample, so as to image internal 
structural changes. The resultant image formed from the peak transmitted amplitude, 
obtained using a chirp signal swept from 200-800 kHz and pulse compression 
processing, is presented in Figure 6.21 for comparison. It is evident that the areas 
identified in the ultrasonic scans show good correlation to the impact damage areas 
identified from CI scans. 
 
Figure 6.20: Two representations of the capacitive imaging scan of the carbon fibre 
composite with impact damage. (a) Intensity plot and (b) contour plot. 
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Figure 6.21: Amplitude plot of the carbon fibre composite with impact damage 
obtained from air-coupled ultrasound scan. 
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The second sample studied was a 3 mm thick laminated carbon fibre composite panel 
with superficial burn damage, shown in Figure 6.22(a), and the size of the damage can 
be compared to a 5 pence coin. The 20 mm by 10 mm back-to-back triangular probe 
was scanned over the highlighted area 1mm above the surface, and the result is shown 
in Figure 6.22(b). The burn damage was detected as darker area in the image. This is 
almost certainly due to the change in electrical properties of the area (oxygenization 
and breakage of the fibres). 
 
Figure 6.22: (a) Photograph of the carbon fibre composite panel with superficial 
burn damage and (b) the intensity plot of the capacitive image. 
The third sample was a carbon fibre woven fabric sample. This sample was coated 
with epoxy filler and the aligned carbon fibre mats had been woven in an alternate, 
cross-ply (0°/90°) arrangement, as shown in Figure 6.23. There was also a fracture 
along the sample caused by bending.  
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Figure 6.23: Photographs of the carbon fibre woven sample with the area to be 
scanned highlighted. 
The 10 mm by 5 mm back-to-back triangular probe was scanned over the highlighted 
area 1 mm above the surface and the results were shown in Figure 6.24.  
 
 
Figure 6.24: Two representations of the capacitive imaging scan of the carbon fibre 
woven sample. (a) Intensity plot and (b) contour plot. 
It can be seen that the texture and pattern of the woven carbon fibre are apparent and 
the fracture was also detected as the lighter area across the image.  
 
6.5 Detection of Corrosion Under Insulation (CUI) 
Corrosion under insulation is a big problem that destroys expensive industrial 
infrastructure, often steel pipe-work. To inspect and maintain these pipes in a cost-
effective manner, NDE techniques that do not require removal of the insulation are 
needed. Techniques such as radiography [28], eddy current [29] and magnetostrictive 
sensor techniques [30] have shown some promise in meeting this objective. 
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The results presented earlier in section 5.9 indicated that the CI technique is sensitive 
to surface features on a steel specimen covered by a significant insulation layer. It was 
thus thought interesting to embark on a study of how well capacitive imaging could 
detect the presence of surface rust on mild steel. Figure 6.25(a) shows a photograph of 
a plate which was immersed into brine to half its depth and held at a high temperature 
for 10 days. There are various areas of rusting visible within the lower half of the 
plate. The upper section is, in fact, anodized, so that rusting is inhibited. A capacitive 
imaging scan using the 20 mm by 10 mm back-to-back triangular CI probe was then 
performed, and the main areas of rust were detected, as shown in Figure 6.25(b). This 
is almost certainly due to the change in electrical properties of the oxide layers, and 
the fact that the lift-off distance has changed due to the presence of oxide. Both 
factors are likely to cause a change in signal. In the present case, this shows up as a 
darker shade on the grey scale image. Figure 6.25(c) is a scan with the sample covered 
in a 5 mm thick layer of foam insulation. Again the main rusted areas are identified, 
but with a lower resolution due to the increased lift-off distance to the metal surface. 
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Figure 6.25: (a) Photograph of a steel plate, immersed in brine for 10 days to cause 
accelerated rusting in the lower section shown. (b) Capacitive image taken in air, 
highlighting the main areas of rusting, and (c) a similar image taken through a 5 mm 
thick insulating polymer foam coating. 
(a) (b) (c) 
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6.6 Inspection of pipe samples 
Steel pipeline is usually vulnerable to attack by corrosion, cracking, thermal damage 
and manufacturing flaws. A preliminary experiment using capacitive imaging 
technique was designed and performed to detect defects on the external surface of a 
steel pipe specimen. The experiment setup is shown in Figure 6.26. The steel pipe was 
held by the rotational stage and the centre of the pipe was aligned with the rotation 
axis. The capacitive imaging probe, in this case the 20 mm by 10 mm back-to-back 
triangular CI probe, was held at a certain height and kept a 5mm distance away from 
the pipe surface during the scan.  
 
Rotational 
stage Steel Pipe  
CI Probe 
Figure 6.26:  Experiment setup for pipe inspection. 
A cross-sectional view of the pipe along the scan line is sketched based on the real 
situation in Figure 6.27(a). The pipe, with a grinding defect and a highly rusted area, 
was rotated over 360 degrees with a one degree step size to complete a circular scan 
along its external surface. The dashed line in Figure 6.27(a) represents a pipe surface 
without any defect.  The obtained line scan data was presented in a polar plot as show 
in Figure 6.27(b) to directly describe the pipe surface profile. The radius for each 
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angle in the polar plot is related to each of the lift-off distance between the probe and 
the pipe surface for that particular measuring point. Any defect (corrosion, crack and 
rust) will change the lift-off distance and the measured signal. Comparing Figures 
6.27(a) and (b), it can be seen that the experiment result is in agreement with the real 
situation- the grinding defect (shown as a concave off the baseline) and the highly 
rusted area (shown as a convex off the base line) were detected.  
 
Figure 6.27: Comparison between the pipe cross-session profile (a) and CI result (b). 
6.7 Detection of buried objects 
The exploration of the ground’s subsurface to detect and identify buried objects is an 
important task in various applications, and many techniques have been studied, 
including Ground Penetrating Radar (GPR) [31], metal detectors [32, 33], capacitive 
resistivity techniques [34] and the use of inductive and capacitive arrays [35]. 
Experiments were conducted to demonstrate the feasibility of using the CI technique 
to detect buried objects. The first experiment was aiming to detect buried metal 
objects. A sandbox filled with fine sand was prepared and two metal objects, shown in 
Figure 6.28(b) were buried in sand. The diameter of the steel ball was10 mm and the 
length of the screw was approximately 20 mm. The sand layer was about 25 mm thick 
and the buried metal objects were about 15 mm from the surface. The surface of the 
sand layer was made flat.  
183 
 
Chapter 6 Applications of the CI technique to NDE 
 
Figure 6.28: Photographs of (a) the sandbox and (b) the metal objects (a steel ball 
and a screw) to be buried. 
The 40 mm by 20 mm back-to-back triangular CI probe was scanned over a 70 mm by 
60 mm area 1mm above the sand surface, and the results are shown in Figure 6.29. It 
is evident that the two metal objects were detected as darker areas shown in the image. 
 
Figure 6.29: Two representations of the capacitive imaging scan of the sandbox with 
buried objects (a steel ball and a screw). (a) Intensity plot and (b) contour plot. 
The second experiment was aimed at detecting buried non-conducting objects. The 
same sandbox was used and this time a plastic pen cap was buried in sand, as shown 
in Figure 6.30. Again, the surface of the sand layer was flattened to allow easy 
scanning of the probe over the surface. The 40 mm by 20 mm back-to-back triangular 
CI probe was again scanned over a 70 mm by 60 mm area 1mm above the sand 
surface, and the results are shown in Figure 6.31. It is evident that the pen cap was 
detected as lighter area shown in the image. 
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Figure 6.30: Photographs of (a) the sandbox and (b) the non-conducting object 
(plastic pen cap) to be buried. 
 
 
Figure 6.31: Two representations of the capacitive imaging scan of the sandbox with 
buried objects (plastic pen cap). (a) Intensity plot and (b) contour plot. 
From the two sandbox experiments, it can be seen that the CI technique is a promising 
technique for detecting both conducting and non-conducting objects buried under the 
surface of sand, although in practical field experiments, design concerns must be 
addressed to cope with more complicated situations (uneven surfaces, and the 
inhomogeneous and partially conducting nature of some soils).  
It is also worth mentioning that the images obtained from the sandbox experiments 
were not very sharp. This is partially because of the moisture content in sand, which 
makes the sand layer have a higher permittivity and conductivity values than dry sand 
[36, 37]. Despite the negative influence on the resultant images, the inclusion of the 
moisture content in sand provides indication that the CI technique can be used to 
detect subsurface features in materials with low electrical conductivity. Research on 
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concrete specimens, which have similar conductivity as humid sand, was conducted 
and the results will be presented in Chapter 7. 
6.8 Conclusions 
In this chapter, the CI technique has been tested on some samples of practical interest. 
The CI technique was used as a NDE tool to investigate an extensive range of 
specimens. CI probes with different sizes were used in different experiments 
depending on the nature of the specimens and the defects in them. Both surface crack 
and delaminations under the surface in glass fibre composites were successfully 
detected. Defects within the foam core of the glass fibre sandwich structure were 
detected. The honeycomb pattern of the aluminium core structure, the folding failures 
and fluid intrusion in the aluminium honeycomb core were imaged through a thin 
glass fibre composite to demonstrate the feasibility of the CI technique on the 
inspection of such sandwich panels. This has been further confirmed by the 
experiment on the sandwich panel provided by AIRBUS. Surface defects including a 
crack caused by impact damage and superficial burn damage were detected on carbon 
fibre composites and the texture and pattern of the woven carbon fibre were imaged. 
Detection of the CUI was also demonstrated by scanning a steel plate with highly 
rusted areas. External profiling of a pipe with defects (rust and grinding defect) was 
obtained from a CI line scan. The ability of detecting buried objects was demonstrated 
by two sandbox experiments involving both a conductor and insulator. 
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technique 
7.1 Introduction 
The work described in previous chapters has investigated various types of specimens, 
which can have a range of conductivities ranging from an insulator to a metal. For 
insulators (air, Perspex, glass fibre, air-filled polymer foam, etc.), the conductivity is 
usually less than 10-14 S/m [1], and for good conductors (some forms of carbon, 
aluminium, steel, etc.), the conductivity is usually higher than 104 S/m [1]. Concrete 
has a typical conductivity in the 10-2 S/m range - a value situated between the above 
values. As demonstrated in Chapters 5 and 6, the CI technique can be used to detect 
both surface and hidden defects in dielectric specimens (insulator) and to detect 
surface features predominantly on conducting specimens. How the CI technique 
would respond to surface and hidden features in concrete specimens has not yet been 
discussed in this thesis, even though it could be a major area of application. This led 
to an investigation of the feasibility of the CI technique for concrete inspection. This 
Chapter describes the NDE of concrete using the CI technique in detail. Note that a 
research paper has been published based on the work in this chapter [2]. 
7.2 Background to the inspection of concrete 
Reinforced concrete is one of the most important construction materials because it is 
economical, durable and has the ability to be cast into any shape. In most cases 
reinforced concrete is reliable and strong throughout its service life. However, factors 
such as poor design, bad workmanship and a harsh environment can combine to cause 
deterioration within a concrete structure. This may induce failure of the structure by 
causing visually unacceptable surface cracking or spalling of the layer of concrete 
‘cover’ that protects the steel reinforcement. This may in turn pose a safety risk to 
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passing pedestrian or motor traffic owing to falling debris, and ultimately lead to 
further corrosion and structural failure. Unfortunately, more often than not, this 
deterioration may not become apparent at the surface until major damage has already 
occurred. Similarly, in assessing heritage concrete structures, poor record keeping 
may prevent an accurate knowledge of the quantity and architecture of the internal 
steel reinforcement being known in advance. Thus non-destructive evaluation (NDE) 
techniques are very useful for condition assessment of concrete structures, so as to 
provide information concerning structural conditions within the material. These 
include: 
• Cracks caused by shrinkage of concrete or repetitive freeze-thaw cycles;  
• Corrosion of reinforcing steel caused by an ingress of chloride ions (e.g. from 
sea water or de-icing salt) and/or loss of steel passivity owing to 
neutralization of the normal alkaline environment provided by the concrete 
cover by reaction with atmospheric carbon dioxide; 
• Weak areas of concrete and/or discrete defects caused by poor quality control 
in the mixing and placing of concrete (e.g. poor curing, incorrect mix design, 
air voids etc.); 
• The size, depth and distribution of steel reinforcement bars (rebars) and their 
condition with respect to corrosion etc. 
There is a range of techniques used conventionally to inspect concrete structures. 
They are all designed to detect only a single type of artefact (e.g. rebar, void, 
corrosion etc). Perhaps the most common is the cover meter [3]. This operates by 
creating eddy currents within the rebars, and measuring the resultant magnetic field at 
the concrete surface to gain diagnostic information. This approach is used to estimate 
cover depth and to give some idea of rebar position, but is difficult to use beyond a 
certain cover depth or in areas of congested reinforcement and does not easily provide 
an imaging capability [4].  Ultrasonic techniques are also used to assess concrete 
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structures, using various transducer technologies and frequencies, including relatively 
simple, low-frequency piezoelectric systems such as the PUNDITTM [5], more 
advanced piezoelectric transducer designs [6-8] and the use of air-coupling [9, 10]. 
However, this approach has yet to receive widespread use for rebar and void 
characterization because of uncertainties introduced by the significant ultrasonic 
scattering encountered [11, 12], which is a manifestation of the mismatch in acoustic 
impedance between aggregates and the cement paste matrix. In many cases, surface 
preparation is also required. 
The half-cell potentiometer can be used to infer the probability of corrosion of the 
steel rebar from the surface of the concrete [13, 14] by measuring the electrochemical 
potential between the rebars and a reference ‘half-cell’ electrode at the surface. Areas 
of high potential gradient are more likely to be undergoing corrosion. This approach 
must be combined with other techniques (e.g. resistivity surveys) in order to obtain 
quantitative results. It sometimes also requires a complicated statistical analysis to 
retrieve useful data [15] or to predict service life [16]. It also requires that an electrical 
connection be made to the rebar, which normally entails breaking or cutting out a 
section of concrete. Ground Penetrating Radar (GPR) has also been proposed for the 
inspection of concrete structures [17, 18]. The resolution of GPR system is limited to 
100 mm for commercial systems owing to the wavelength used [19, 20] which is not 
really suitable for the majority of artefacts of interest in structural assessment. Other 
electromagnetic techniques, such as electrical resistance measurement [21, 22], 
impedance spectroscopy [23] and electrical resistance tomography [24] are reported to 
be used for inspection and evaluation of concrete structures, but they all require a 
perfect electrical contact between the electrode and the target surface. 
The CI technique aims to offer a possible route to overcoming some of the limitations 
imposed by existing NDE techniques on the inspection of concrete structures [25]. For 
example, the technique should be able to recognize both rebars and air voids within a 
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concrete structure. Other work has described capacitive approaches to measure cover 
depth and water content, in conjunction with GPR [26].  
This Chapter describes the results from both finite element modelling and physical 
experiments to investigate the usefulness of the CI technique for concrete inspection 
and imaging. It should be noted that the intention is to demonstrate the potential of 
capacitive techniques to, in principal, detect artefacts within concrete samples. Thus, 
the artificial artefacts introduced in the samples, and the conditions under which they 
were tested, were designed to provide clear results rather than exactly simulate in-
service situations. The concomitant limitations of the CI technique on concrete 
inspection are discussed in section 7.5. 
7.3 Two-dimensional Finite Element (FE) modelling 
In Chapter 4, the electric field distributions produced by the CI probes, and how they 
may interact with the dielectric and conducting specimens, were presented. It was felt 
important to model the probing electric field behaviour for concrete, because of its 
different electrical properties when compared to an insulator or conductor. Using the 
quasi-static assumption mentioned in Chapter 4, it is possible to use a Finite Element 
(FE) technique to predict the electric field from the CI probes within the concrete 
specimens, using the COMSOLTM Multiphysics FE package. To simplify the models, 
simulations were restricted to two dimensions as before. The quasi-static mode was 
again used within COMSOLTM.  
The concrete considered in this model is assumed to be a non-magnetic material. As 
such, the magnetic permeability of concrete (assuming rebars are not present) is 
deemed equal to that of free space. In terms of the electrical properties, in practice the 
permittivity and conductivity will depend on the frequency used to drive the 
electrodes, the moisture content and the thickness of the concrete material, as well as 
other factors such as the mix used etc. As the main purpose of the FE modelling here 
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is to demonstrate the possibility of imaging surface and sub-surface features, hidden 
defects and steel rebars – i.e., we are only interested in demonstrating that the contrast 
in electrical properties between the various materials (concrete, steel, air/water voids) 
gives rise to measurable signals –  simplifications can be made. Thus, it has been 
assumed that the permittivity and conductivity of concrete samples can be assumed to 
have a nominal value, apart from defects or other features that can deviate from this. 
In addition, these values are assumed to be frequency independent. In the theoretical 
model, the relative permittivity was set to a value of 6, and the conductivity to 0.02 s 
m-1, a value used in other published work [27]. 
The model geometry is shown in Figure 7.1. This represents a slab of concrete 
containing regions of discontinuity in electric properties. The electrodes were 
modelled at the relative sizes shown in the figure. Note that the field distribution 
predicted by these models is determined primarily by these geometric factors in the 
quasi-static model. 
 
Figure 7.1: Model used for FE simulation of CI for concrete sample. 
Assuming the geometry of Figure 7.1, the FE model can be used to predict the 
equipotential lines within the resultant electric field distribution. These are shown in 
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Figure 7.2 for (a) a uniform concrete sample (b) a sample with a narrow crack on the 
surface, (c) a simulated void under the surface and (d) a steel rebar in concrete.  
 
Figure 7.2: Simulations of the electric field distribution for a concrete sample. 
Results are shown for (a) a uniform sample (b) a sample with a narrow crack on the 
surface, (c) a simulated void under the surface and (d) a steel rebar in the location 
shown. 
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The areas in the dashed boxes of each model are expanded to show the distributions of 
the electric field, and the capacitance recorded by the capacitive probe in each case 
was calculated and is shown in Table 7-1. 
Table 7-1:  Calculated capacitance value from the FE models 
Model Calculated Capacitance
Capacitive imaging probe above a complete sample 7.319x10-13(F) 
Capacitive imaging probe above a sample with a surface crack 6.998x10-13(F) 
Capacitive imaging probe above a sample with a hidden void 7.526x10-13(F) 
Capacitive imaging probe above a sample with a rebar 2.427x10-13(F) 
As can be seen in the latter three cases, the electric field distribution becomes 
distorted within and around the regions of discontinuity in the dielectric properties 
within the sample (i.e. the presence of crack, void or rebar). This is a result of the very 
different electrical properties of concrete compared to either air or steel. The distorted 
electric field causes a capacitance change of the capacitive imaging probe, as shown 
in Table 7-1, which leads to a detectable signal change on the sensing electrode. It is 
also worth noting that the surface crack caused a lower capacitance, while the hidden 
void caused a higher capacitance. This is a situation very similar to some of the 
insulator cases. The results from the models give some indication that capacitive 
imaging is capable of forming the basis for a novel NDE system for concrete. This is 
confirmed by the experimental results below.   
7.4 Experimental results 
The apparatus shown in Figure 2.14 was used on the concrete specimens. For an 
accurate evaluation of concrete, the electrode geometry of the CI probe must be 
designed with some care. Probes of various geometries have already been investigated 
in previous chapters, and the results have indicated that it is important to optimise the 
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electrode geometry for each application. Generally, a wider electrode assembly will 
provide a deeper depth of penetration into the sample, but this will be traded off 
against a reduced spatial resolution at the surface. The FE results shown in section 7.3 
suggest that concrete behaves similarly as the dielectric specimens, and thus the back-
to-back triangular probe was thought to be a good choice. In this work, experimental 
results were obtained using the back-to-back triangular electrodes such as those 
shown in Figure 3.13(a), but with different sizes to suit each application.  
The concrete samples used in this work were fabricated from a C40 mix (relative 
proportions by mass 2.55:1.7:1:0.6 of 20 mm limestone aggregate:sand:CEM1 cement: 
water) unless otherwise specified. After 28 days of moist curing, the samples were 
aged for a minimum of 12 months (for small samples) and >2 years (for large samples) 
in ambient laboratory conditions, so that they could be considered to be reasonably 
stable in terms of their electrical properties and internal moisture distribution. Various 
concrete samples had been prepared so as to contain certain features of interest. These 
included surface cracking, changes in thickness and the presence of rebars. Note that, 
because the air gap between the electrodes and the sample can be quite large (on the 
order of millimetres), sample surface preparation was not required. 
The first sample that was investigated was a mortar block with dimensions 180 
(length) x 120 (width) x 30 mm (depth), with no coarse aggregate. A surface crack 
initiated by impact was present on the upper surface, as shown in the photograph of 
Figure 7.3(a). This has been cleaned to show the presence of the crack more clearly. 
The 40 mm by 20 mm back-to-back triangular probe was scanned over a 100 mm x 50 
mm area, as highlighted by the dotted line in Figure 7.3(a), with a 1 mm step size and 
1 mm stand-off distance (the gap between the probe and the sample surface). The 
excitation frequency was 1 MHz. 
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Figure 7.3: Concrete specimen with a crack on the surface. (a) Photograph of top 
surface containing the crack, and (b) schematic diagram of the crack geometry. 
The image resulting from this scan is shown in Figure 7.4, where the amplitude of the 
signal output from the sensing electrode has been plotted against position across the 
sample surface. It can be seen that there was an obvious discontinuity in the image 
caused by the presence of the surface crack. 
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Figure 7.4: Capacitive imaging results for concrete sample with a crack on the 
surface. 
A second concrete specimen with dimensions 980 mm (length) x 860 mm (width) x 
125 mm (depth) was also fabricated, containing a stepped air-filled channel running 
through the centre to simulate a local change in thickness. The channel had two depth 
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values, 30 mm and 60 mm, so that the cover thickness over the void had values of 125 
mm (full sample thickness), 95 mm and 65 mm respectively, as shown in figure 7.5. 
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Figure 7.5: (a) Photograph and (b) schematic diagram of a concrete sample with a 
hidden channel of two different depths (30 mm and 60 mm). 
 
The thickness of this sample and the width of the channels meant that a larger pair of 
electrodes shown earlier in Figure 3.13(a). In this case, the triangular electrodes were 
each 150 mm wide in the horizontal direction, and the sensing area was 320 mm by 
160 mm. A scan at a frequency of 1 MHz was performed, over a 540 mm x 600 mm 
area, with a 30 mm step size and 1 mm stand-off distance. The result is shown in 
Figure 7.6. The lighter area indicates the presence of both the shallow void and the 
deep void, as indicated by the dotted lines which represent the actual positions of the 
channel. It can also be seen that the shallower channel (with the greater cover depth of 
95 mm) produced a lower output than that region containing the smaller cover depth 
of 65 mm. Hence, it seems that some depth information is available from such scans. 
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Figure 7.6: Capacitive imaging results for concrete sample with a hidden stepped 
channel. 
A further set of experiments was now performed, to indicate the presence of rebars. 
The first test sample, shown in Figure 7.7, contained a single 10 mm diameter rebar 
located at a cover depth of 10 mm. The concrete sample itself was of dimensions 
300mm (length) x 150 mm (width) x 30 mm (depth) and in this case, 10mm aggregate 
was included in the mix. The rebar was equidistant from the top and bottom surfaces 
and parallel to them. The rebar and the scanned area are highlighted on the surface of 
the photograph shown in Figure 7.7(a).  
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Figure 7.7: Concrete sample with a single rebar of 10 mm diameter placed 
symmetrically within the thickness of a 30 mm thick concrete sample. (a) Photograph 
of sample, and (b) schematic diagram. 
An 80mm x 60 mm area was scanned using the 40 mm by 20 mm back-to-back 
triangular probe shown in Figure 3.13(a) with a 1 mm step size and a 1mm stand-off 
distance, using a 1 MHz driving signal. The resulting image is show in Figure 7.8(a). 
The rebar can be seen as the darker vertical strip in the centre of the image, which 
indicates that the capacitive imaging technique was sensitive to the hidden rebar and 
had detected it successfully. During the scan, the rebar was grounded using a 
conducting wire with a crocodile clip to enhance the contrast of the image (analogous 
to similar practice in half-cell potentiometer surveys). Note however that detection of 
the rebar is also possible with the rebar floating (i.e. not grounded) but the obtained 
image will have less contrast, as shown in Figure 7.8 (b). 
203 
 
Chapter 7 Non-destructive evaluation of concrete using the CI technique 
 
Figure 7.8: Capacitive imaging results for the concrete sample of Figure 9, 
containing a single rebar. (a) Grounded rebar and (b) electrically-floating rebar. 
A further sample was now prepared containing multiple rebars, and is shown in 
Figure 7.9. It was of 1000 (length) x 1000 (width) x 150 mm (depth), with two sets of 
rebars of 10 mm diameter passing through the concrete slab and parallel to the top and 
bottom surfaces. The first set of rebars (two parallel rebars with a 300mm spacing 
between their centres) was buried at a depth of 100mm from the top surface to their 
centres, and the second set (also two parallel rebars with a 300mm spacing between 
the centres), were oriented perpendicular to the first set were buried at a depth of 120 
mm from the top surface to their centres. This sample provided a more complex 
scanning environment, such as that likely to be met in practice, with sets of rebars at 
different depths and orientation. 
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Figure 7.9: Concrete sample with rebars (a) Photograph of sample, and (b) 
schematic diagram. 
A 780mm x 690 mm area was scanned using the larger probe, using a 1MHz driving 
signal. A 30mm step size and 1mm stand-off distance were used for the scan, with the 
rebars again grounded. The result is shown in Figure 7.10. The rebars can be seen 
clearly as the darker areas in the image. Note that the two horizontal features are 
darker than the two vertical ones; this is because the former represent the two parallel 
rebars located closest to the scan surface.  
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Figure 7.10: Capacitive imaging results for the concrete sample shown in Figure 7.9. 
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7.5 Discussion  
It can be seen from the preliminary results that the capacitive imaging technique is 
sensitive to the presence of surface crack, hidden sub-surface changes in thickness 
(e.g. voids) and rebars. However, due to the co-planar shape of the capacitive imaging 
probe, which forms a non-linear fringing electric field, there is no analytical 
formulation to precisely define the measurement volume and penetration depth. This, 
together with the fact that different kinds of defects could change the local electric 
properties to the same extent, make the characterization of the crack (width and depth), 
void (location and size) and rebar (depth and diameter) very difficult by performing 
one scan using a typical capacitive imaging probe which only has one pair of 
electrodes. This could be addressed in more advanced systems by using pulsed signals 
on arrays of multiple electrodes, rather than single pairs, since modelling and 
experiments in other materials [28] suggests that effective penetration depth is related 
to electrode spacing. By analysing changes in the relationship between capacitance 
and electrode spacing caused by artefacts, their depth should be able to be estimated. 
As indicated by the FE models, the electric field lines are denser in the vicinity of the 
electrode pair, so the capacitive imaging probe is sensitive to the surface features of 
the concrete specimen and the lift-off distance between the probe and the surface. 
This sometimes causes confusion in the obtained image, e.g. in Figure 7.4 the gradient 
along the Y-axis in the image is caused by a lack of parallelism between the probe and 
the sample surface and in Figure 7.6, the lighter area on the upper-left part of the 
image is caused by a pitted area on the surface which may be misinterpreted as a 
hidden void. More sophisticated signal processing and analysis should be able to 
distinguish between stray signals caused by such effects and ‘real’ diagnostic 
information, perhaps by using the arrays mentioned above.  
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7.6 Conclusions 
In previous chapters, it has been confirmed that the probe size and geometry are the 
key factors for penetration depth and image resolution in specimens for the capacitive 
imaging technique. This is also true for the inspection of concrete specimens. 
Discussions in Chapter 3 and 4 have identified the triangular electrodes as a good 
general purpose design for preliminary inspections. However, as a general rule, the 
use of smaller electrodes will allow a better resolution of near-surface defects, 
whereas greater penetration comes from larger electrodes for a given electrode 
geometry. Accordingly, to image the crack on the surface and shallowly buried rebar, 
a 40 mm by 20 mm triangular electrode probe was used in this paper, whereas for 
imaging deeper features, a 320 mm by 160 mm triangular electrode probe was used.  
The predictions of FE modelling and the results of preliminary experiments both 
indicate that the capacitive imaging system has the potential to simultaneously detect 
surface features, changes in thickness to an air void and cover depth and position of 
rebars in concrete samples. Thus, the technique has the potential to be developed into 
a single compact device to detect many different features within concrete samples, 
providing indications of possible defects in concrete samples to guide more 
comprehensive NDE surveys of a concrete structure is performed by specialised 
devices. Note that, unlike ultrasound and some other techniques, there is no need for 
specific surface preparation, and no couplant is required. The technique works in a 
non-contact and a non-invasive manner, and only requires single-side access to the 
sample. In addition, the difference in electric properties between details of interest 
(crack, void and rebar) and concrete is much larger than that between cement paste 
and aggregate and so the scattering effect encountered in ultrasonic imaging is absent. 
The transducers are very simple and cheap – effectively, just copper plates – in 
contrast to complex and expensive piezoelectric or electromagnetic transducers, 
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which means that a wide range of probe geometries and thus assessment applications 
could be available to practitioners at little added cost.   
In practice the situation is usually rather more complicated compared to the samples 
interrogated in this work. Defect types and sizes will be unknown, moisture 
conditions may be inhomogenous, and voids may be poorly defined (e.g. by 
honeycombing). Further development of the capacitive imaging probe is required to 
meet different practical requirements and provide enhanced diagnostic information, 
e.g. systematic identification and characterisation of defects. Electrode arrays or 
multi-electrode probes with flexible combinations of electrode size/shape could help 
obtain the depth and size information of a subsurface void/rebar. Advanced signal 
processing algorithms can filter out stray signals from e.g. changes in surface 
roughness. Nonetheless, capacitive imaging shows considerable promise for NDE of 
concrete.  
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Chapter 8 Further measurements using modified CI Probes 
8.1 Background 
In previous chapters, CI probes with electrodes etched onto PCBs were fabricated and 
tested under various situations. In addition to these conventional coplanar PCB probes, 
modified geometries can be made and they can lead to different applications. A brief 
overview of these modified probes is presented in this chapter, and the potential 
applications brought by these probes are also discussed. 
8.2 High resolution surface imaging 
It has been revealed in previous chapters that the design parameters and the selection 
of the CI probes are primarily determined by the nature of the specimen and the 
feature to be detected. In this section, a special CI probe was designed and constructed 
with the specific aim of providing high resolution surface imaging. The CI probe used 
pins as both the driving and sensing electrodes, and the tips of the pins were made 
very close to each other, as shown in Figure 8.1. The pins were 0.5 mm in diameter 
and 11 mm long. The tips were 0.1 mm in diameter and the separation between the 
tips was 0.2 mm. 
 
Figure 8.1: Photograph of the CI probe comprises two pins as active electrodes. 
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It can be infered from the discussions on the sensitivity distribution of the CI probe 
presented in chapter 4 that the high sensitivity values of such a CI probe will be in a 
small area in the vicinity of the two tips. In other words, the VOI of this probe is small 
and the imaging resolution should be high.  
The equipment shown in Figure 2.14 was used to scan the probe in plane above the 
surface of the rear side of a two pence coin, as show in Figure 8.2 (a). A 30mm by 30 
mm scan was performed with a step size of 300 μm. During the scan the coin was 
grounded via the grounded lifting support and a minimal lift-off distance between the 
probe and the coin was maintained. Figure 8.2 (b) shows this data plotted as a 
greyscale image, where lighter areas represent higher values. It can be seen that the 
image is reasonably clear, with the head and facial features on the coin being 
recognisable. However, not all the lettering on the coin is legible. 
 
 
Figure 8.2: (a) Photograph of a two pence coin and (b) the capacitive imge of the 
coin shown in gray scale. 
The characteristics of the the pin CI probes depend largely on the sharpness of the 
pins and the distance between the tips, as they correspond to the electrode size and 
separation respectively in the normal metal plate electrode probe. Therefore, higher 
214 
 
Chapter 8 Further measurements using modified CI probes 
imaging resolution could be achieved by using smaller tips and closer inter-tip 
spacings.  
8.3 A combined CI/eddy current technique 
Comparisons have been made between the proposed CI technique and the 
conventional eddy current approach in Chapter 2, and it can be seen from the 
discussions that each technique represents a unique blend of advantages for a variety 
of applications. For instance, the CI technique can be used on non-conducting 
specimens and the eddy current approach can be used to detect subsurface features in 
conducting specimens. It is thus interesting to see if the two techniques can be 
combined together.  
A pair of coils initially designed for eddy current inspections were used as the two 
active electrodes (driving/sensing) in the CI technique to explore the possibility of 
combining the two techniques together. Each coil was 1 mm in diameter and 
contained three layers of 25 turn wire wound onto a ferrite core. The photograph and 
the cross-sectional view of the coils are shown in Figure 8.3, with the two separate 
drive and receive coils shown in (b) being hidden behind a coating in the photograph 
in (a). 
 
Figure 8.3: (a) Photograph of the coils and (b) the cross-sectional view. 
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In the eddy current mode, one of the coil was drivien by an alternating current (100 
mA rms, 2.5 MHz) and the voltage across the other coil was measured and used to 
form images.  The equivalent circuit for the eddy current mode is shown in Figure 8.4. 
 
Figure 8.4: Equivalent circuit of the eddy current mode. 
An eddy current scan was performed on a steel plate with a flat-bottomed hole (20 
mm in diameter and 4 mm deep). The coil shown in Figure 8.3 was scanned over a 25 
mm by 25 mm area with a minimal lift-off distance, and the results are shown in 
Figure 8.5 (courtesy of Dr. Y Fan from the Department of Physics, University of 
Warwick). 
 
Figure 8.5: Results of the flat bottomed hole on a steel plate obtained from the eddy 
current mode.(a) An intensity plot and (b) a contour plot. 
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The coils were then used as a CI probe. For the driving coil, one end was connected to 
the voltage source (20 V pk-pk, 10 kHz) and the other end was left empty. For the 
sensing coil, one end was connected to the measurement circuit of the CI system and 
the other was also left empty. The schematic diagram of the instrument is shown in 
Figure 8.6 
 
Figure 8.6: Schematic diagram of the system using coils in the capacitive image mode. 
The coils were scanned over the same area of the above mentioned steel plate at a 1 
mm lift-off distance. The results were shown in Figure 8.7. It can be seen that the hole 
was detected as lighter areas in both of the two modes. 
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Figure 8.7: Results of the flat bottomed hole on a steel plate obtained from the 
capacitive imaging mode.(a)The intensity plot and (b) the contour plot. 
To compare the two sets of results, the data of the dotted line in each image were 
extracted and plotted in Figure 8.8. 
 
 
Figure 8.8: Line plots from images obtained from (a) the capacitive imaging mode 
and (b )the  eddy current mode. 
It can be seen that, for the line plot from the capacitive image (Figure 8.8(a)), the 
signal transitions at the edges of the hole are relatively smooth and axially symmetric, 
while for the line plot from the eddy current image (Figure 8.8(b)), the transitions at 
the edges are abrupt and are asymmetric due to the nature of the induced eddy current 
in the steel sample.  
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In terms of image resolution for the same feature on the steel specimen, the image 
obtained from the CI mode is not as sharp as the one obtained from the eddy current 
mode. The reasons are twofold: The lift-off distance for the CI scan was bigger; the 
coils were designed for the eddy current inspection and the capacitive coupling 
between the two coils was suppressed. In addition, the coil mechanism was not 
properly shielded for capacitive imaging.  
The two images obtained in the eddy current mode (shown in Figure 8.5) and the CI 
mode (shown in Figure 8.7) were now normalized and superposed to simulate a 
combined scan, as shown in Figure 8.9. 
 
Figure 8.9: Combinting the images obtained from the eddy current mode and the 
capacitive imaging mode.(a)The intensity plot and (b)the contour plot. 
As can be seen, the combined image differs to the image from either the eddy current 
mode or the capacitive imaging mode, and seems to give a clearer representation of 
the defect. This is further demonstrated by plotting the data extracted along the dotted 
line, as shown in Figure 8.10. The top of the scan is flatter, and the sides more steep 
and defined, when compared to single scans using either technique. 
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Figure 8.10: Line plot  from the combined image. 
 
The coils were now used in the capacitive imaging mode only on a Perspex specimen- 
a Perspex plate with a  20 mm square flat bottomed hole (4 mm deep). The coils were 
scanned over a 25 mm by 25 mm area from the surface with the hole at a 1 mm lift-off 
distance, and the results are shown in Figure 8.11. 
 
Figure 8.11: Results of the flat bottomed hole on a Perspex plate obtained from the 
capacitive imaging mode.(a) The intensity plot and (b) the contour plot. 
The presence of the hole was detected as a lighter area.  Note that the eddy current 
mode would not work on such non-conducting specimens. Note that the hole was 
detected as lighter area (higher output) because of the negative sensitivity values of 
the coil pair at the surface of the specimen. 
This set of proof-of-concept experiments indicated that, with the high measurement 
sensitivity provided by the measurement circuit in the CI system, the coils for eddy 
220 
 
Chapter 8 Further measurements using modified CI probes 
current inspections can be used in a CI mode, leading to a possible combination of the 
two techniques. In addition, planar eddy current sensors manufactured using PCB 
have been reported in literature [1-3]. Therefore, design principles for CI probes can 
be easily taken into consideration when manufacturing such planar coils to make the 
final product suitable for both CI mode and eddy current mode. For instance, the 
coplanar spiral coil pair fabricated on a PCB board can be made in to the back-to-back 
or the point-to-point triangular shapes. 
8.4 Using an oscilloscope probe as the sensing electrode 
In Chapters 3 and 5, probes with concentric geometry have been studied and the 
results have shown that, the concentric geometry has the advantage of rotational 
symmetry, but at the same time it brings in complication in the resultant image due to 
the cup-shape sensitivity distribution near the probe surface (shown in Figure 4. 31 
(d)). A modified version of the concentric CI probe was thus designed aiming to 
overcome the weaknesses that normal concentric probes may have. The photograph of 
the modified concentric probe is show in Figure 8.12. 
 
Figure  8.12: Photograph of modified concentric electrode design. The outer annular 
The original PCB was a concentric probe without guard electrode between the inner 
disc and the outer ring and the overall sensing area was 50 mm by 50 mm. A hole was 
electrode had inner and outer diameters of 32mm and 48 mm respectively, and the 
inner disc electrode (before the hole was drilled) was 16 mm in diameter. 
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drilled in the inner disk and an oscilloscope voltage probe (Tektronix P6139 passive 
voltage probe, input impedance 10MΩ 8pF) was fitted into the hole (the tip of the 
voltage probe was in the same plane as the PCB surface). In practical scans, the outer 
ring works as the driving electrode, the inner ring (derived from the inner disc) is 
grounded as the guard electrode and the oscilloscope probe works as the sensing 
electrode. The diagram of the CI system with the modified concentric probe is shown 
in Figure 8.13. 
 
Figure 8.13: Schematic diagram of the system using the modified concentric CI probe. 
The Perspex plate with four square holes (show in Figure 5.4) and the aluminium 
plate with four square holes (shown in Figure 5.6) were scanned by this modified 
concentric probe. The scans were 55 mm by 180 mm at a 1 mm lift-off distance, and 
the aluminium plate was grounded during the scan. The results are shown in Figure 
8.14. 
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Figure 8.14: Results for (a) the Perspex plate and (b) the aluminium plate. 
It can be seen that the holes on both the Perspex plate and the aluminium plate were 
detec ined 
ade between 
probe provided a sharper image and the square shapes can be clearly seen in the image 
ained 
by the normal concentric probe (shown in Figure 5.18(c)), complicated features can 
ted as lighter squares in the images and the depth information can be obta
from the intensity value variations of the lighter squares.  
The modified concentric probe used here has the same sensing area as the normal 
concentric probe used in Chapter 5, and thus direct comparison can be m
the results obtained by the two probes. For the Perspex plate, comparing the image 
obtained by the modified probe (Figure 8.14(a)) with the image obtained by the 
normal concentric probe (Figure 5.17(c)), it is evident that the modified concentric 
while in the normal concentric probe case, only the presence of the holes were 
detected but the shape and size were not distinguishable. It is also worth noting that 
instead of appearing as darker areas obtained by the normal concentric probes, the 
holes on the Perspex plate were detected as lighter areas (higher values). This can be 
explained by the negative sensitivity values on the surface of the Perspex plate.  
For the aluminium plate, the image obtained by the modified probe (shown in Figure 
8.14(b)) clearly shown the square shapes and their sizes, while in the image obt
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be observed, involving changes in spatial shape of the response as the electrodes were 
scanned over each hole. 
The lift-off experiments were also conducted with the modified concentric probe on 
the Perspex plate (shown in Figure 5.4), with the 55 mm by 200 mm scans above the 
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surface being performed at distances of 1 mm, 3 mm, 5 mm and 7 mm in air. The 
results are shown in Figure 8.15. It is evident that, as expected, the resolution of the 
image decreases as the capacitive electrode is moved further away from the sample 
surface. 
 
Figure 8.15: Capacitive images of the Perspex plate, taken at lift-off distances of (a) 
1 mm, (b) 3 mm, (c) 5 mm and (d) 7 mm. The scan was performed at the surface 
containing the flat-bottomed holes. 
The second set of lift-off experiments us
perform
were taken at distances of  
ing the modified concentric probe was 
ed on the aluminium plate (shown in Figure 5.6). In this case, measurements 
1 mm, 3 mm, 5 mm, 7 mm, and 9 mm in air. The resultant
images obtained with the steel plate electrically grounded, are shown in Figure 8.16. It 
can be seen from the results that, only in the case when the probe was close to the 
aluminium plate (1 mm lift-off) the sensitivity values on the surface were positive and 
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the holes were detected as lighter areas. At the 3 mm lift-off, shown in figure 8.16(b), 
the holes appeared as Mexican-hat shaped patterns (if shown in 3D), with the 
dimensions of the central peaks varied with the depths of the holes. At lift-offs bigger 
than 5 mm, the holes were detected as darker areas due to the negative sensitivity 
values. 
 
Figure  8.16:Capacitive images of the aluminium  plate (grounded), taken at stand-off 
distances of (a) 1 mm, (b) 3 mm, (c) 5 mm, (d) 7 mm and  (e) 9 mm. The scan was 
performed at the surface containing the flat-bottomed holes. 
It is necessary to emphasize that, strictly speaking, the modified concentric probe does 
not work in a capacitive way, although capacitive coupling still exists between the 
outer ring (driving electrode) and the voltage probe tip. This is because the voltage 
probe has very high input impedance and it measures the potential in the vicinity of 
the tip rather than the charge induced on the tip. The sensing mechanism is similar to 
the reported electric potential (displacement current) sensors [4-6] and the difference 
is in their applications an external electric field has to be applied to the specimen, thus 
they are only applicable to conducting specimens. While for the above mentioned 
modified concentric probe, the field is provided by the outer ring electrode and it 
works on both dielectric specimens and conducting specimens 
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In this chapter, modified CI probes were made and tested. The two pins with their tips 
close to each other provided a high resolution image of the surface features on a two 
 current coils were used in the capacitive imaging mode and 
results obtained from both conducting specimen (steel) and non-conducting specimen 
(Perspex) were presented. A passive voltage probe was used as a sensing electrode in 
a concentric probe and the results indicated that such probe had a better performance 
compared to the normal concentric probe with the same sensing area. 
8.5 Conclusions 
pence coin. The eddy
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9.1 Conclusions 
Although the concept of using the capacitive coupling to measure properties of 
specimens has been known for some time, previous research has been focusing on 
using capacitive sensors to characterise materials or measure distance/thickness, and 
the imaging ability of the planar capacitive sensors hasn’t been systematically studied. 
This thesis has been primarily concerned with this issue by considering the probe 
design principles, the characterization of the probes and the applications of the 
proposed capacitive imaging (CI) technique.  
9.1.1 The Capacitive Imaging (CI) technique  
The Capacitive imaging (CI) technique discussed in this thesis is a novel imaging 
technique capable of detecting surface and hidden defects in specimens that are 
dielectric or poorly conducting and detecting surface features on conducting surfaces 
through a significant air gap or insulation layer. The CI probe usually comprises two 
metal electrodes and uses the fringing electric field established between the electrodes 
as the probing field. The probing electric field samples a local volume of the 
specimen, and the electric field distribution can be modulated by defects within the 
sampled volume. The result is that the charges induced at the sensing electrode will 
vary. This change in signal can be detected, and used to create a map of changes in 
electrical properties within the specimen after a raster pattern scan. This approach is a 
non-contact technique and the air gap between the electrodes and the sample can be 
quite large (on the order of millimetres). Thus, sample surface preparation is often not 
required. In addition, the approach only requires single-sided access to the specimens. 
The CI technique is also advantageous for its capacitive nature which allows the 
technique to work on a wide variety of material properties, without the restrictions 
encountered by eddy current and potential drop methods. Furthermore, the CI probes 
work in a volume averaging manner and the scattering problem associate with 
ultrasound method in some of the materials is absent. 
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9.1.2 Theoretical formulations of the CI technique and the quasi-static 
approximation 
The work described in this thesis provided a systematic study of the physical 
principles of the CI technique and their theoretical descriptions, thus delivering a full 
account of all relevant aspects of the technique. It was shown that in the operating 
frequency range (10 kHz to 1 MHz), the quasi-static approximation applies and the 
Maxwell’s equations can be simplified. The electrostatic formalism which is based on 
electrostatic theory was thus found to be suitable for the analysis of the CI system. 
Instead of using conventional conformal mapping methods or green function methods, 
the capacitance of the coplanar CI probes are obtained by calculating the amount of 
charge on the sensing electrode using Gauss's Law after the electric potential is 
obtained via the Laplace’s equation. However, this is not accomplished analytically 
due to the computation complexity, and instead the Finite Element modelling was 
employed. COMSOLTM Multiphysics was found to be a suitable PC-based package 
for this type of FE modelling work.  
Finite element modelling was used to predict the electric field distribution between 
the electrodes, calculate the capacitance and evaluate the probe performance. The 2D 
FE models have indicated that the electric field distribution from a selected electrode 
pair can penetrate into dielectric materials, and can be used to detect the presence of 
defects in terms of air voids. In metals, the electric fields do not penetrate the surface 
in the quasi-static model, but interact strongly with surface features. The 2D models 
were also used to investigate the effects of thicknesses of dielectric specimens, lift-off 
distances and relative permittivity values on the probes’ response. The feasibility of 
the CI technique on flaw detection was also demonstrated by the 2D models. 3D 
models were also constructed and used to obtain the sensitivity distributions of CI 
probes both from a perturbation method and a mathematical approach. The equation 
for sensitivity distribution is a dot product of two vectors (the electric fields from 
reciprocity energization). Thus, depending on the orientations of the two vectors, 
there are regions with positive, null and negative sensitivity values. As a signature 
feature of a CI probe, the calculated sensitivity distribution can be used to determine 
the VOI and evaluate the imaging ability. With the sensitivity distribution, it is 
possible to anticipate the likely performance of any design. Design parameters were 
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also studied using the FE models and the results correlated well with the conclusions 
obtained experimentally. 
9.1.3 Measurement method and practical implementation  
There are four basic modes of operations of the CI technique: a poorly-conducting 
sample either with or without a grounded substrate being present, a grounded 
conductor, and finally a conductor which is floating (i.e. non-grounded). Although the 
four modes lead to different equivalent circuits, the sensing mechanisms can be 
treated as variable capacitors. As an instantaneous reflection of the local electrical 
properties, the capacitance of each variable capacitor can change with scan position. 
According to the basic circuit theory, this capacitance variation results in an amplitude 
and phase angle variation of the current (charge flow) from the sensing electrode. The 
charge signal on the sensing electrode was measured through a charge amplifier 
which convert the charge signal on the sensing electrode to an AC voltage signal, and 
a lock-in amplifier which converts the AC voltage signal into a DC voltage 
proportional to either the amplitude of the received AC signal or the phase difference 
between the received signal and the reference. The DC output was then recorded 
using an oscilloscope, and transferred to the PC for storage. The PC also controlled an 
X–Y scanning stage, which could be used to translate the capacitive imaging 
electrodes across the sample surface, and the signal recorded in specified locations so 
as to build up an image. Both the amplitude and phase difference were used to from 
images and it was shown that the amplitude plots provided higher contrast and were 
used in most of the scans in this thesis. 
As an important variable, the CI probes were designed with care. In this thesis, the 
measures for the evaluation of the CI probe performance, including penetration depth, 
measurement sensitivity, imaging resolution and signal to noise ratio (SNR), were 
discussed. The concept of the volume of influence (VOI) was defined to provide a 
panoramic view of the imaging ability of a given CI probe. Two types of CI probes 
were studied as examples to derive the general principles for the CI probe design. It 
was shown that with frequency not being a major factor, the performance of CI probes 
depends largely on the geometry of the electrodes. The optimal probe design can be 
achieved by a proper selection of the electrode size, shape and arrangement depending 
on the application. Generally, a wider electrode assembly will provide a deeper depth 
230 
 
Chapter 9 Conclusions and future work 
of penetration into the sample, but this will be traded off against a reduced spatial 
resolution at the surface. It was also found that the probes with triangular electrodes 
can balance the tradeoffs to a certain extent and can be used as general purpose probes. 
Grounded guard electrodes, back plane, thinner PCB substrate and metal enclosure 
were proved to be beneficial to the overall performance. Modified CI probes were 
also made and tested. This includes using two pins with their tips close to each other 
or two eddy current coils as the active electrode pair, and using a passive voltage 
probe as a sensing electrode in a concentric probe. The results obtained using such 
modified probes suggested that the CI technique could be used for high resolution 
surface imaging or combined with the eddy current technique. 
In this thesis, the fundamental concept of the CI technique has been validated by 
scanning two specimens representing the two extremes of electrical properties, 
namely Perspex and aluminium. The results of experiments on Perspex and 
aluminium plates containing machined flat-bottomed holes of various depths gave an 
indication of the response of the CI approach. In addition, in the cases of surface 
features on both non-conducting (Perspex) and conducting (aluminium) specimens, 
very good surface information was obtained, indicating that the depth of the hole 
could possibly be determined from such scans.  It was also shown that the holes on the 
Perspex plate depleted the output while the wholes on the aluminium plate enhanced 
the output. It was also evident that extra attention was required when trying to image 
hidden features in non-conducting specimens as they might situate in a region where 
the sensitivity values are negative. A comprehensive parameter study, including the 
investigations of the effects of grounded substrate, the electrical conditions of 
conducting specimen, the CI probe geometries and the lift-off distances, has revealed 
that such parameters should be considered and determined carefully to achieve 
optimum results in practical scans. In addition, surface features on conducting 
specimens were successfully detected through an insulating layer, indicating a 
possible application of detecting the presence of pitting caused by corrosion under 
insulation (CUI). It was also evident that, the targeting features were spread by the CI 
probe in the resultant images. This effect is problematic when trying to image features 
much smaller than the probe, as the resultant image will appear as a blurred version of 
the sensitivity map and the targeting feature will be difficult to be recognized.  
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9.1.4 Applications 
It was shown in the thesis that, with a careful design and selection of the probes 
according to the nature of the specimens and the defects in them, the CI technique can 
be successfully used as an NDE tool to investigate an extensive range of specimens.  
Consider first fibre-reinforced polymer composites. Both surface cracks and sub-
surface delaminations were successfully detected in glass fibre composites. Defects 
within the foam core of a glass-fibre sandwich structure were detected. The 
honeycomb pattern of the aluminium core structure, folding failures and fluid 
intrusion into the aluminium honeycomb core were imaged through a thin glass fibre 
composite surface layer to demonstrate the feasibility of the CI technique to the 
inspection of such sandwich panels. The detection of such defects is difficult by other 
NDE techniques, especially if access is required from one side and contact has to be 
minimised. Surface defects including a crack caused by impact damage and 
superficial burn damage were detected on carbon fibre composites and the texture and 
pattern of the woven carbon fibre were imaged.  
Experiment to simulate the effects that might be expected from corrosion under 
insulation (CUI) was also performed, by scanning a steel plate with highly rusted 
areas. The external profile of a pipe with defects (rust and an area changed by 
grinding) was obtained from a CI line scan. Both these applications are important in 
the oil industry. The ability to detect buried objects was demonstrated by two sandbox 
experiments, containing a buried conductor and insulator respectively. This suggests 
that, with modification, the detection of buried objects such as pipelines (metallic or 
polymer) might be achievable.  
The feasibility of the CI technique for the NDE of concrete specimens was also 
demonstrated by the successful detections of surface cracks, hidden voids and rebars 
within concrete specimens. 
It can be inferred from the experimental results that the detection ability of the CI 
technique is determined by the geometry of the selected CI probe and the properties of 
both the specimen under test and the defect. It is felt that the 40 mm by 20 mm back-
to-back triangular probe should be able to detect a spherical air void (relative 
permittivity εr=1) 20 mm in diameter with its centre 20 mm from the top surface of an 
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insulating material (e.g. the relative permittivity εr=3), providing a minimal lift-off 
distance is maintained during the inspection. Note that, the minimum detectable defect 
dimension will be reduced with a reduced buried depth and the whole situation can 
also be affected by the electric property difference (e.g. difference in relative 
permittivity values) between the defect and the specimen. For conducting specimens, 
the same 40 mm by 20 mm back-to-back triangular probe should be capable of 
detecting a hemispherical dent 20 mm in diameter with a 20 mm thick insulation layer 
between the conducting surface and the probe surface. Again, this detection ability 
could vary with different insulation material. 
The estimated detection ability only provided an indication of the potential 
applications of this CI technique. Experiments for the Probability of Detection (PoD) 
data acquisition are required in future work to quantify the performance capability of 
different CI probes in different applications. 
9.2 Main contributions 
The tasks that have been accomplished during the course of the research described in 
this thesis are highlighted in this section. 
9.2.1 CI experiments and Probe design  
The design parameters required for the CI probes have been investigated, and several 
capacitive imaging probes have been designed and fabricated. A set of measurements 
have been presented, which have demonstrated for the first time that CI techniques 
can be used over a broad range of materials for the detection of surface and sub-
surface features. Unlike conventional capacitive sensors in which the electrodes (or 
electrode fingers in the case of interdigital sensors) are usually in a rectangular shape, 
triangular shape electrodes are used in the proposed CI technique (Section 3.4(c)). 
The advantages of the probes with triangular-shaped electrodes have been discussed 
(Section 4.5.3) and such probes have been used successfully in many applications 
(Chapter 5, 6 and 7). Modified CI probes, such as the CI probe using two pins with 
the tips close to each other (section 8.2), the CI probe using coils as electrodes 
(section 8.3), and the concentric CI probe using high impedance oscilloscope probe as 
sensing electrode (section 8.4), have also been designed to address specific inspection 
problems.  
233 
 
Chapter 9 Conclusions and future work 
The use of a combined CI/eddy-current probe is worthy of special mention. This 
particular combination does not seem to have been applied before to the NDE of 
materials. It has certain attractions, in that CI works well for insulators and eddy 
currents for conductors; hence the use of a coil to detect both simultaneously may 
have many future applications. 
9.2.2 Modelling 
The 3D measurement sensitivity distributions have been obtained using COMSOLTM 
through a derived equation (section 4.5.2). For the first time, the measurement 
sensitivity is used as a tool to evaluate the imaging ability of planar capacitive probes 
with different design parameters and optimise the probe design (section 4.5.3). The 
concept of VOI was introduced, to demonstrate the likely volume over which the 
capacitive probe was likely to be effective. This is a major contribution, as it details 
the range of applications of the techniques within a particular material. Different types 
of specimens have also been taken into account during the calculation of the 
sensitivity distributions of various CI probes, providing indications of the expected 
resultant images (section 4.5.4). 
The concept of negative sensitivity has also been introduced, a phenomenon that is 
neglected in most of the applications described in the literature, and one that has never 
been discussed for planar capacitive sensor. In this work, this gap has been filled 
(Section 4.5.2) and some experiments performed so as to verify the existence of 
negative sensitivity (Sections 5.4 and 5.5). 
9.2.3 New areas of application 
Based on the analysis of the sensitivity distributions, the imaging ability of capacitive 
sensors has been explored and the results suggested the CI technique would be useful 
in many NDE applications. New areas of applications have thus been investigated (in 
Chapter 6 and 7), including the inspection of laminated glass fibre composites, and 
honeycomb sandwich structures with glass fibre reinforced polymer skins. Such 
scanning has not been demonstrate before, and shows an application where other 
methods may have difficulty in the detection of anomalous areas. The application to 
the detection corrosion under insulation, and buried conducting and non-conducting 
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objects, was also demonstrated. Both of these are important to the oil and gas 
industries.  
The detection of both air voids and rebars in concrete specimens is also an important 
application area. The detection of rebars in particular in real outdoor environments is 
a critical issue in older buildings and concrete structures (e.g. overhead roadways, 
bridges etc) where salt-induced corrosion is a major concern. The ability to detect 
both rebars and voids has been demonstrated in this work, and is a major advantage 
over more traditional cover meters and ultrasonic methods. 
9.3 Future work 
The results presented in the thesis indicated that the CI technique is promising in 
many NDE applications. It is hoped that it will prove useful in the development of 
future NDE systems using the CI technique. However, the work could be extended in 
several ways. 
The CI technique is defined by its VOI, as detailed in previous Chapters. Hence, 
different probes have a different volume in which they operate. It would therefore be 
of great interest to investigate a multi-electrode probe (probes with flexible 
combinations of electrode size/shape/separation), which would be able to provide a 
set of electrode shapes simply by switching smaller elements which make up a bigger 
electrode. This would allow the depth profile of defects to be investigated in a more 
quantitative manner. In addition, to speed up the scan process, an array of CI probes 
could be constructed which, together with appropriate multiplexing equipment, could 
be used to scan large areas automatically. This could be held within a single unit, and 
placed against a surface. It could then be moved over a large surface area, such as an 
aircraft wing, and a large area scan produced. Defects detected could then be 
examined by other means if required. The image could be obtained in real time.   
In practice the situation is usually rather more complicated than those examined in 
this thesis. For instance, defect types and sizes will be unknown and often poorly 
defined. At this early stage of development, the aim was to determine the main 
properties of the technique, and to establish the range of materials in which it might 
be used. It is proposed that further benchmark experiments can be undertaken, in 
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which standard defects in various targeting specimens can be systematically identified 
and characterised by the CI technique. 
It is also thought that the use of non-standard electrodes could lead to interesting 
results. Examples would include curved electrodes for pipes, contoured electrodes for 
turbine blades etc. Note also that a coil was successfully used as a capacitive electrode 
in this work in Section 8.3, where eddy current operation with the same probe was 
demonstrated. It is felt that additional sensing modalities could be introduced into the 
CI system. For example, a triple-mode capacitive/eddy current/ magnetic sensor head 
could be developed, using shaped planar coils which would also be sensitive to 
magnetic fields. This could be very useful as a new approach to NDE, using three 
coincident measurements via a single probe geometry. 
Finally, there are many applications in NDE to which the capacitive approach might 
be useful. For instance, it is sensitive to surface features on metals, but is very simple 
in construction and can be easily constructed from heat-proof materials. Being non-
contact, it might be possible to develop a version which is useful in rolling mills for 
hot, moving metal. It is also a type of technique which might be useful for radioactive 
sights, where the use of a couplant is not possible due to radioactive contamination. 
These and other examples where the rugged nature of the technique, and its non-
contact nature, might give it an advantage over more established NDE techniques. 
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Scitec Analogue OEM Lock-In Amplifier (441) 
Input channel  
Input: 
Differential or single ended voltage via SMB 
socket 
Input Gain: x 0.1 to x330 in 1, 3.3, 10 steps 
Input Impedance: 10¹² // 1 nF, dc coupled 
Frequency: 10 Hz to 100 kHz 
Maximum Inputs: ±10 V before saturation occurs 
Gain Accuracy: 1% 
Gain Stability: 200ppm/°C 
Dynamic Reserve: 0dB to 80dB 
Output channel  
Output Gain: x1, x10, x100, x1000 
Low Pass Filter Time Constants: 100 µs to 30 s in 1, 3, 10 steps 
Outputs: SMB connectors: +/-100 mV to +/-10 V full scale 
Reference channel  
Frequency: 10 Hz to 100 kHz 
Trigger: Standard TTL, Rising edge triggered. 
Acquisition Time: 10 s max 
Phase Control: 90° steps + fine shift of 0° - 150° 
Phase Drift: 0.1°/C 
 
SR850 Digital Lock-in Amplifier  
Input channel  
Voltage Input: Single-ended or differential 
Sensitivity: 2 nV to 1 V 
Current input: 106 or 108 V/A 
Input impedance (voltage): 10 MΩ + 25 pF, AC or DC coupled 
Input impedance (current): 1 kΩ to virtual ground 
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Gain Accuracy: ±1 % (±0.2 % typ.) 
Noise (typ.) 
6 nV/√Hz at 1 kHz 
0.13 pA/√Hz at 1 kHz (106 V/A) 
0.013 pA/√Hz at 100 Hz (108 V/A) 
Line filters CMRR: 
50/60 Hz and 100/120 Hz (Q=5) 100 dB at 10 
kHz, decreasing by 6 dB/oct above 10 kHz 
Dynamic reserve: >100 dB (without prefilters) 
Reference channel  
Frequency range: 0.001 Hz to 102.4 kHz 
Reference input: TTL or sine (400 mVpp min.) 
Input impedance: 1 MΩ, 25 pF 
Phase resolution: 0.001° 
Absolute phase error: <1° 
Relative phase error: <0.001° 
Orthogonality: 90° ± 0.001° 
Phase noise (Int. reference): <0.0001° rms at 1 kHz 
Phase noise (Ext. reference): 0.005° rms at 1 kHz, 100 ms, 12 dB/oct 
Phase drift: 
<0.01°/°C below 10 kHz 
<0.1°/°C, 10 kHz to 100 kHz 
Acquisition time: (2 cycles + 5 ms) or 40 ms, whichever is greater 
Demodulator  
Stability (digital output): No drift 
Stability (analogue output): <5 ppm/°C for all dynamic reserves 
Harmonic rejection: -90 dB 
Offset/Expand: ±100 % offset, expand up to 256× 
Time constants: 10 μs to 30 ks (6, 12, 18, 24 dB/oct rolloff) 
Internal oscillator  
Range: 1 mHz to 102.4 kHz 
Accuracy: 25 ppm + 30 μHz 
Resolution: 0.01 % or 0.1 mHz (whichever is greater) 
Distortion: −80 dBc (f < 10 kHz) 
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−80 dBc (f < 10 kHz) 
Amplitude: 0.004 to 5 Vrms into 10 kΩ ( 2mV resolution) 
Output impedance: 50 Ω 
Amplitude accuracy: 1% 
Amplitude stability: 50 ppm/°C 
Output: Sine and TTL 
Sweeps: Linear and log 
Output  
X, Y outputs: ±10 V, updated at 256 ksamples/s 
CH1 output: ±10 V output of X, R or Trace 1 to 4 
CH2 output: ±10 V output of X, R or Trace 1 to 4 
Aux. D/A outputs: 
4 BNC outputs, 1 mV resolution, 
±10 V (fixed or swept amplitude) 
 
Cooknell CA6/C charge amplifier 
Input impedance: 100Ω above 10kHz 
Sensitivity: 250mV/pC 
Series noise voltage generator: 0.6nV//Hz typical 
Parallel noise current generator: 4x10-14A//Hz typical 
Bandwidth: <10kHz to > 10Mhz 
Max output level: 1V rms into 50Ω 
 
Computer controlled scanning stage 
Motor steps per revolution: 400 
Motor steps per mm: 80 
Maximum stroke: 526mm 
Accuracy: 0.023mm per 300mm of travel 
Repeatability: 0.005mm 
 
